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This thesis investigates the application of drop-based direct writing techniques for 
the fabrication of advanced silicon wafer solar cells. In particular inkjet and 
aerosol jet printing are investigated for patterning the rear dielectric films of 
aluminium local back surface field (Al-LBSF) solar cells. A new method is 
presented to geometrically confine directly deposited features on hydrophilic 
rough surfaces. The direct patterning technique is applied to the fabrication of 
Al-LBSF solar cells, resulting in cell efficiencies of up to 18.5%. In addition, the 
etching of silicon in hydrofluoric acid (HF) is investigated in detail. HF etching is 
commonly used to remove masking layers in the Al-LBSF solar cell fabrication 
process, due to its excellent selectivity in etching dielectric films over silicon. This 
work shows that this selectivity does not necessarily hold for highly n-type doped 
silicon surfaces, which has major consequences for the solar cell fabrication 
process. 
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Chapter 1. Introduction 
 
§1.1  Motivation  
In only 50 years since her independence in 1965, Singapore has rapidly trans-
formed herself from a ‘third-world’ nation into a thriving, sky-scraping and vibrant 
global city, with one of the fastest growing economies and the highest 
percentage of millionaires in the world. Her phenomenal economic growth places 
her in the limelight as one of the world’s leading commercial hubs. Singapore is 
one of the most densely populated countries (~7,000 persons/km2) in the world, 
with a land area of approximately 710 km2 and a population of more than 5 
million people, and the greatest challenge she constantly faces is the lack of 
natural resources. One such key natural resource that is essential to the survival 
and the continuous growth of Singapore is energy. In order to power a “city that 
never sleeps”, Singapore relies heavily on electricity generated from fossil fuels 
(with a share of 90% for natural gas in 2014) [1]. According to The World 
Factbook, Singapore is ranked number 52 worldwide in terms of country natural 
gas consumption and number 23 in terms of electricity consumption per capita [2]. 
For a small country like Singapore such high consumption is unsustainable, as 
fossil fuels will eventually be depleted. A study in 2013 estimated that the 
worldwide reserve-to-production ratio for natural gas, which forecasts its future 
availability, is about 64 years [3]. In addition, the relentless consumption of fossil 
fuels in many countries has also taken its toll on the environment and resulted in 
irrevocable damages such as pollution, global warming and changes in climate 
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extremes. Therefore, it is essential for Singapore to start investing in renewable 
energy.  
A special report released by the Intergovernmental Panel on Climate Change 
(IPCC) in 2012 accessed the negative consequences of climate change and 
proposed several methods of mitigation and management strategies for policy 
makers, of which renewable energy was one key area of interest [4]. In fact, 
many renewable energy sources receive significant (even up to 100%) 
contributions from the Sun. For instance biomass is biological material that 
comes from the living beings, which almost exclusive rely on the Sun for their 
energy. The air current that drives wind turbines is formed from solar heated air 
and the resulting air pressure differences. Even hydropower is dependent on the 
rain that is supported by solar-evaporated water. Most renewable energy sources 
such as tidal, wind, geothermal and hydropower are also location limited. In other 
words, only a certain number of places in the world are geographically suitable to 
harness these energies, which does not include Singapore due to its equatorial 
location and relatively flat terrain. However, being situated next to the equator at 
the latitude of only ~1.4° north, Singapore is blessed with a plethora of sunlight 
throughout the entire year, with very small seasonal variations. Thus, directly 
harvesting solar energy and converting it into heat energy (solar thermal) or 
electrical energy (solar photovoltaic) is Singapore’s best bet.  
Today, solar photovoltaics (PV) is one of the most promising renewable energy 
technologies due to its potential prospects and reducing cost. The term 
“photovoltaics” originates from Greek, and it essentially means voltage creation 
from light. Many governments have embraced the solar PV technology by 
introducing feed-in tariffs (FIT), which is a policy mechanism designed to 
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accelerate investment in renewable energy technologies via creation of a market 
[5]. A recent press release by the European Photovoltaic Industry Association 
indicated that the global cumulative installed PV capacity had already reached 
136.7 GW by the end of 2013 [6]. In the plenary talk for crystalline silicon solar 
cells at the 38th IEEE Photovoltaic Specialists Conference 2012, Eicke Weber of 
Fraunhofer ISE, Germany, projected a bright future for PV by predicting 30 TW of 
accumulated PV installations in 2050 that can provide 10% of the global annual 
electricity demand [7]. Considerable effort has also been made in the PV industry 
to bring down the cost of PV electricity. One important milestone in this regard is 
to achieve “grid parity” for PV, which means that the levelised cost of electricity 
(LCoE) generated from PV is equal to the price of electricity from the grid. A 
recent grid parity model was applied to more than 150 countries and a total of 
305 market segments worldwide, and this study predicted that grid parity is in 
reach for about 75-90% of the total global electricity market by 2020 [8]. For large 
PV systems (> 100 kW), Singapore has already reached grid parity in 2012 [9]. 
Being one of the earlier countries in the region to have achieved this milestone, 
Singapore aims to become a leader in this technology and is investing a 
significant amount of resources into its research and development, which is also 
closely related to its cost reduction.  
With increasing relevance of PV as a viable source of clean energy, material cost 
reduction has been identified as one of the key areas to bring down the overall 
cost of the technology. As a consequence, the wafer thickness for solar cell 
fabrication is constantly decreasing. This inevitably presents more challenges for 
the fabrication processes and creates more room for research and development 
in the relevant areas. Ultimately the conversion efficiency of the solar cells must 
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not be compromised at the cost of the material reduction. Today, the record 
conversion efficiency for large-area monocrystalline silicon solar cells is 25.6% 
for a back-contact Heterojunction with Intrinsic Thin layer (HIT) solar cell 
fabricated by Panasonic [10].  
In order to further improve the conversion efficiency of solar cells in high volume 
production at a low cost, the current processing technologies are being pushed to 
their limits. The production of high-efficiency solar cells nowadays can involve a 
number of patterning processes, such as selective emitter formation, dielectric 
patterning, seed layer and full-height metallization, which can be achieved with 
patterning techniques such as screen printing and lithography. However, with 
reducing wafer thickness it becomes increasingly challenging to utilize screen 
printing for patterning because the pressure-based nature of screen printing 
results in a higher chance of wafer breakages, which leads to yield loss. On the 
other hand, lithography does not have the potential to be implemented cost-
effectively in silicon wafer solar cell manufacturing, as it is a cumbersome and 
time-consuming process that entails multiple steps and consequently cannot be 
done at a sufficiently low cost. To tackle these issues, direct writing has been 
identified as a promising alternative to the current technologies. It is a non-
contact patterning technique that can resolve the problem of increasing 
breakages with reducing wafer thickness faced by screen printing. In addition, 
depending on the experimental methodology adopted, direct writing is able to 
perform precise deposition of functional materials to create both positive and 
negative features. In other words, it is able to build 3D structures on the target 
surface, as well as remove existing materials from the surface. Moreover, the 
rapid digital prototyping feature allows the users to render new and innovative 
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patterns as and when desired. Therefore neither additional processing time nor 
steps are required to fabricate new screens or masks. Currently a wide range of 
applications for direct writing is available, which is discussed in detail in Chapter 
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§1.2  Thesis outline 
Chapter 2 starts with an overview of the direct writing technology, where different 
direct writing techniques are briefly described. As inkjet and aerosol jet printing 
technologies are used to perform the work in this thesis, these techniques will be 
discussed in more detail. A comparison between the two technologies is also 
presented, followed by a list of current applications of the droplet based direct 
writing techniques in the PV industry. Direct patterning of rear dielectric films for 
aluminium local back surface field (Al-LBSF) solar cells is identified for investi-
gation, which will be discussed in detail in the later chapters. 
In the fabrication of Al-LBSF solar cells, the use of dielectric films as masking 
layers and its removal in hydrofluoric acid (HF) are necessary for some single-
side processes. It is commonly accepted that HF has excellent selectivity in 
etching dielectric films over silicon. However, as shown in Chapter 3 of this work, 
the selectivity does not apply to highly doped n-type silicon surfaces and can 
result in detrimental effects on the efficiency of the solar cells. We investigated 
this etching behaviour of highly doped n-type silicon in HF in detail. A proper 
understanding and exploitation of the etching mechanism are beneficial for the 
subsequent direct patterning process. 
A practical problem encountered by the direct patterning of dielectric films in the 
fabrication of solar cells is the large spreading dimension of the directly deposited 
droplets, as the silicon surface is typically textured and the coated dielectric 
layers are usually highly hydrophilic. Chapter 4 looks into this issue in detail, 
whereby a method to geometrically confine the directly deposited features is 
presented that results in high printing definition. A dielectric layer of 200 nm SiNx 
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on a textured silicon wafer is selectively etched, resulting in a fine line width of 
~15 µm. 
Chapter 5 discusses the application of the direct patterning techniques to the 
fabrication of Al-LBSF solar cells. The effects of varying the line width, the pitch 
distance and the firing profile on various solar cell parameters are discussed in 
detail. Al-LBSF solar cells with PV efficiencies of up to 18.5% are produced. 
Finally, the most important results of this work are summarised in Chapter 6. An 
outlook of possible future work is also given in this chapter. 
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Chapter 2. Background and literature review  
 
§2.1  Introduction 
In recent years, the increasing demand in PV for cost reductions in raw materials, 
manufacturing processes and operations, and the global movement towards 
sustainable development and carbon footprint reduction stimulated the develop-
ment of several new technologies. Direct writing, also known as direct printing or 
digital writing, is one such emerging technology, which is a diverse, versatile and 
multi length scale group of process technologies [1]. Although several different 
definitions were proposed in the past [2-4], a more precise and accurate 
definition was recently proposed by Hon et alia: “Direct printing denotes a group 
of processes which are used to precisely deposit functional and/or structural 
materials on to a substrate in digitally defined location” [1].  
 
Fig. 2.1 Classification of direct writing techniques, adapted from [1]. 
 
Direct writing can be categorized into four main categories, as shown schemati-
cally in Fig. 2.1. The first category is “flow based direct writing”, which consists of 
micro-dispensing methods such as precision pump and extrusion methods, 
commonly represented by the nScrypt and the MicroPen technologies, respec-
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tively. The flow based direct writing deposits features as small as 25 μm by 
continuously delivering flowable materials through a very small orifice or a needle. 
Flowable materials with a wide range of viscosity, from 1 to 106 cP, can be 
dispensed with flow-based direct writing [5]. The second category is “energy 
beam based direct writing”, which typically employs high power laser or ion 
beams in the deposition or transfer of materials. This category of direct writing is 
mostly used in material subtractive applications. The laser-based direct writing is 
very versatile, and has been used for many processes. The focused ion beam 
direct writing on the other hand produces features with higher definition. However 
it usually requires a precursor gas and processes at a slower writing speed. The 
third category, “tip based direct writing”, includes dip pen nanolithography (DPN) 
and nano-fountain pen (NFP), whereby the molecules diffuse onto a substrate 
through the micro-capillary action between the tip and the surface. High 
resolutions of better than 100 nm can be achieved using this method, which is 
scalable with an array of with multiple tips. The last category is “droplet based 
direct writing”, which is typically represented by inkjet and aerosol printing. As the 
name suggests, material deposition is achieved by dispensing droplets through a 
nozzle. The rapid growth in the direct writing technology, particularly the inkjet 
printing technology, has attracted the attention of the PV industry as its unique 
features give it an edge over some existing technologies such as screen printing 
and photolithography, thus making it an excellent candidate for replacement. The 
rest of the chapter will be mainly focusing on the reviews of inkjet printing and 
aerosol printing, because these two technologies are used for the work 
performed in this thesis.  
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§2.2  Inkjet printing 
Inkjet printing is a subgroup of the droplet-based direct writing techniques. It is 
also the most matured form of direct writing. The first practical inkjet device, 
based on the continuous inkjet technology, was the Siphon recorder, which was 
used for the automatic recording of telegraph messages. It was invented by 
William Thomson in 1858 and patented in 1867 [6]. Although there was an 
increasing interest in inkjet-related theories thereafter [7-10], its rapid develop-
ment did not take off until the release of the Mingograph in 1952, which was the 
first commercial inkjet device from the Siemens-Elema company [11]. In the late 
1970s the technology was industrially utilized for in-line data coding and product 
marking.  The inkjet printing technology is now widely used for product manufac-
turing, large-scale printing of designs and digital deposition of functional and 
structural materials.  
Theoretically inkjet printing is nothing more than the deposition of small ink 
droplets onto a substrate with a print head. However, the practical implemen-
tation of the technology entails multi-disciplinary knowledge and skills. Its 
complexity offers a wide range of potential applications besides printing and 
marking, such as application of coatings, precise deposition of functional 
materials and even building of three dimensional fine structures and features. In 
some industries, inkjet printing is an excellent candidate to potentially replace 
some existing technologies due to the various advantages and benefits that it 
has to offer. Table 2.1 summarizes some of these applications and benefits. 
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Table 2.1 Benefit of inkjet printing for various applications [12] 
Application Benefit of inkjet 
Automotive coatings Replaces spraying or dipping, thereby reducing waste 
and increasing coating uniformity. 
Plastic part  
decoration 
Non-contact nature accommodates curved surfaces. 
Improved print quality over pad or screen printing. Digital 
printing eliminates requirement for inventory of screens or 
pads, resulting in faster prototyping and a wider variety of 
designs. Process colour capability reduces the number of 
ink colours that must be stocked. 
Conductive patterns Minimizes waste of costly materials; very suitable for low 
volume manufacturing. 
Rapid prototyping Rapid formation of three-dimensional structures designed 
by using computer software. 
Variable information Allows fast changing of the printed information, unlike 
analogue printing methods which require formation of 
new hardware (e.g., screens in silk screen printing). 
Ceramics Minimizes setup time, eliminates requirement for 
inventory of screens. 
 
In general the inkjet printing technology is broadly classified as continuous inkjet 
printing (CIJ) and the drop on demand inkjet printing (DOD). As shown in Fig. 2.2, 
CIJ can be further subdivided into binary, multiple, hertz and µdot techniques; 
DOD on the other hand, can be primarily categorized into thermal, piezoelectric 
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and electrostatic techniques. Sometimes an additional category of acoustic 
technique is also discussed, but the print heads of acoustic DOD essentially are 
still based on piezoelectric or thermal inkjet printing technology.  
 
 
Fig. 2.2 Classification of inkjet printing technologies [13]. 
 
§2.2.1  Continuous inkjet printing 
CIJ is a printing technology commonly used for labelling and coding of products. 
It was also the technology employed in the first few inkjet devices, such as the 
Inkjet Oscillograph and the DIJIT printer. A typical CIJ print head employs the 
principle of the Plateau-Rayleigh instability [8], whereby a pressure wave pattern 
is applied to the printing nozzle, causing a continuous stream of ink to break up 
into droplets of uniform size and spacing at high frequency, typically in the range 
of 50 to 175 kHz. The droplets are then selectively charged as they pass through 
a charging electrode and subsequently deflected by an electric field generated 
underneath the charging electrodes to the desired position on the substrate. The 
charging system can either be binary or multiple. In a binary system, the droplets 
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are either charged or uncharged. The charged droplets are directed to the 
substrate and the uncharged captured by a gutter, and re-circulated into the 
system. In a multiple system, it is possible to control the amount of deflection for 
each droplet passing through the electrode by varying the potential of the 
charging electrode. The different charge magnitude of the droplets will determine 
the degree of deflection as they pass through the electric field. Similarly, the 
uncharged droplets are collected for reuse. The schematics of the binary and the 
multiple deflection system are shown in Fig. 2.3. 
The main advantages of CIJ are its high drop frequency, which results in its high 
speed printing capability; and its high drop velocity, which allows for a greater 
distance between the print head and the substrate. These attributes make CIJ a 
very industrially compatible technology. Moreover, CIJ has the ability to print inks 
based on volatile solvents, which contributes to the rapid drying of ink upon 
printing and good ink adhesion to the substrate. However, the drawbacks of CIJ 
are its low print resolution, high maintenance requirement, and the limitation that 
the printed fluid has to be electrically chargeable.  
 
Fig. 2.3 Schematics of binary (left) and multiple (right) deflection systems, 
adapted from [1]. 
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§2.2.2  Drop-on-demand printing 
The drop-on-demand inkjet printing (DOD) technology employs a different 
printing mechanism, in which the ink is ejected only when printing is required, as 
the name “drop-on-demand” suggests. DOD printers are preferred to CIJ printers 
as no break-off synchronization, charging, deflection, guttering and re-circulation 
are required. The ejection of ink is triggered by the generation of pressure pulses, 
typically achieved with thermal, piezoelectric or electrostatic techniques. The 
schematics representations of the three DOD techniques are shown in Fig. 2.4 to 
illustrate their respective working principles.  
 
Fig. 2.4 Schematics of electrostatic, piezoelectric and thermal DOD, adapted 
from [12]. 
 
The first DOD inkjet printer that emerged in the 1960s was based on the electro-
static technique. A negative pressure is first applied to the nozzle to contain the 
conductive inks in the printing chamber. Subsequently a high voltage pulse is 
applied to pull the conductive ink droplets out of the nozzle when printing is 
required. The nature of the electrostatic DOD inkjet allows inks with a relatively 
higher concentration of conductive materials to be ejected from the print head. 
The size of the printed droplets depends on the voltage of the electrostatic pull 
and not the nozzle diameter, which results in a potentially smaller printed feature 
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size. However the functionality of the printable fluid is limited as the electrostatic 
DOD inkjet printing is only compatible with conductive fluids. The implementation 
of the technology is also costly. Therefore the other two DOD systems, namely 
piezoelectric and thermal are more commonly employed in industrial applications.  
The thermal DOD, also known as the bubble-jet, is the printing technology 
commonly used in home and small office desktop printers. A small electrical 
heating element located in the ink cavity close to the nozzle provides rapid 
transient heating to the ink. This results in the vaporization of a finite volume of 
the ink and generates an air bubble in the ink cavity that pushes the ink out of the 
nozzle. When the air bubble collapses, more ink will be drawn from the reservoir 
to refill the cavity for ejection of subsequent droplets. Although the thermal DOD 
can potentially produce very small drop sizes and have high nozzle density, the 
technology is typically limited by its ink requirement. Besides the fact that the ink 
has to be vaporized, which generally limits the ink to an aqueous solvent; it also 
has to withstand ultra-high local temperature (~400 °C), which can also degrade 
the lifetime of the print heads and damage the functionality of the ink.  
On the other hand the piezoelectric DOD is the preferred technology for most 
emerging industrial inkjet applications. In this technology an applied electric field 
causes distortion to a piezoelectric crystal on the print head, which generates an 
alternating pressure wave and changes the internal volume of the ink cavity. This 
alternating pressure wave mechanically pushes the ink out of the nozzle and 
then draws the ink from the reservoir to refill the cavity. The piezoelectric inkjet 
technology offers the advantages of a long print head lifetime and a high degree 
of freedom in terms of ink compatibility. However the relatively higher manufac-
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turing cost of the piezoelectric print head limits its applications in low-end 
products. 
 
Fig. 2.5 Classifications of piezoelectric inkjet technologies by deformation modes 
[13]. 
 
There are four types of deformation modes to the piezoelectric crystals, as 
shown in Fig. 2.5, namely the squeeze, bend, push and shear modes. The ink 
chamber in a squeeze mode operated print head is a hollow tube of piezoelectric 
material, which forces an ink droplet out of the chamber when the piezoelectric 
tube is deformed by an applied voltage. The bend mode makes use of a flat 
piece of piezoelectric material to bend a wall of the ink chamber, which ejects an 
ink droplet. In the push mode, a piezoelectric element deforms the ink chamber 
above the nozzle by pushing against the ink chamber. The ink chamber wall in 
the shear mode operated print head is deformed by the strong shear deformation 
component in the piezoelectric materials. Though each mode has a different 
jetting mechanism, the same basic working principle applies that the ink chamber 
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is deformed when a voltage is applied to a piezoelectric element, thereby ejecting 
an ink droplet out of the nozzle. 
§2.2.3  Ink formulations 
Four major types of inkjet inks are commonly used, namely phase-change [14], 
solvent-based [15], water-based [16], and UV curable inks [17]. Phase-change 
inks are typically represented by hot-melt inks, which exist as solid form at room 
temperature and are melted before jetting in the inkjet system. Upon reaching the 
viscosity and surface tension range suitable for jetting, the ink droplets will be 
printed onto the substrate, which is maintained at room temperature. Due to the 
drastic temperature difference between the substrate surface and the ink 
chamber, the droplets cool and solidify almost instantaneously. The rapid solidifi-
cation results in minimal spreading and thus high feature definition. 
The most widely used inkjet inks are solvent based inks due to their high print 
quality, image durability, wide range of compatible substrates and low manufac-
turing cost. They generally exhibit good adhesion to a variety of substrates with a 
fast drying time. Typically mild substrate heating is used to further accelerate the 
drying process. However frequent maintenance is required for the print head as 
the fast drying nature of the inks often results in the clogging of nozzles. 
 Water-based or aqueous inks are more commonly used in desktop than 
industrial applications. They are relatively inexpensive and mostly environ-
mentally friendly. However the requirements for the substrates on which the 
water-based inks are printed are typically higher in order to achieve high feature 
definition and good adhesion. A surface that is too hydrophilic, typically with 
contact angles that are much less than 90°, results in undesirable spreading of 
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the printed droplets; whereas printing on a surface that is too hydrophobic 
causes poor adhesion. 
Recent R&D in inkjet print head and ink formulation has enabled the integration 
of UV curing chemistry with inks and printing processes. UV curability facilitates 
good adhesion of inks to various substrates with near-instantaneous curing upon 
illumination. Inkjet printing in several industrial applications are currently making 
use of UV curable inks due to their flexibility. However the cost and facility 
requirements for the UV curing systems are limiting them from exhibiting an 
exponential growth. 
The complexity of the inkjet printing technology places a stringent requirement on 
inks. Beside the need to have long shelf life, the inks also have to exhibit certain 
physiochemical properties so as to facilitate a stable jetting process. These 
conditions vary with different inkjet printing technologies. Thus, inks are usually 
tailored to meet specific requirements of each technology. The behaviour of liquid 
drops can be characterized by a number of dimensionless constants such as the 



















where ρ, η and γ are the density, dynamic viscosity and surface tension of the 
fluid respectively, and ν is the velocity and α is a characteristic length. As a rule 
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of thumb, the jetting stability of an ink is typically characterized by the parameter 
Z = 1/Oh, first proposed by Fromm [18]. Later on, Reis and Derby further refined 
the range of Z for stable drop formation using numerical simulations to be 1 < Z < 
10 [19]. 
 
Fig. 2.6 Range of Z = 1/Oh for stable printing with respect to Reynolds number 
and Weber number [20]. 
 
As shown in Fig. 2.6, when Z is below 1, the fluid is too viscous to be ejected 
through the nozzle; when Z is beyond 10, the primary drop is typically 
accompanied by satellite droplets. The parameter Z can be adjusted to the 
compatible range by tuning the viscosity and surface tension of the fluid e.g. by 
the addition of additives. Other factors such as degassing the fluid and altering 
the pH value can also impact the jetting stability. A brief description of some 
common physiochemical properties is given in the following sections. 
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§2.2.3.1  Viscosity 
Viscosity is a very important physical property when it comes to ink formulations. 
It has a great impact on the ink performance during jetting and spreading on the 
substrate as it determines the characteristic length scale of the internal flow 
phenomena in the fluid. In addition viscosity contributes to a significant portion of 
the total pressure that has to be overcome by the actuator to facilitate successful 
jetting. Assuming a Poiseuille flow profile, the pressure pv required during jetting 






where η is the viscosity, Ln is the nozzle length, u is the average meniscus speed 
and An is the nozzle area. The ideal viscosity, typically below 20 cP for inkjet inks 
[12], enables the pulling and pushing of the ink in and out of the nozzle. Viscosity 
of a fluid can be affected by many factors such as the presence and concen-
tration of such additives as humectants, ethylene glycol and glycerol, solvent 
composition and flocculation of particles. Thus, when preparing a customized 
jetting solution, a preliminary viscosity measurement with a viscometer prior to 
the jetting process can give quite an accurate prediction on the jettability of the 
solution and the compatible jetting waveform. Although an optimum viscosity of 
below 20 cP is usually desired, inks with higher viscosities at room temperature 
have also been successfully jetted by raising the print head temperature, as the 
viscosity of Newtonian fluids typically decreases with increasing temperature. 
However the rise in temperature can also affect other ink properties during jetting 
and drop breakup processes. 
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§2.2.3.2  Surface tension 
Surface tension is another crucial jetting parameter, as it is the main driving force 
behind drop pinch-off [21, 22] and ink spreading upon contact [23]. The surface 
tension of an ink generates a capillary pressure pc, which also has to be over-






where γ is the surface tension of the ink, θ is the contact angle between the ink 
and the nozzle and Rn is the nozzle radius. If surface tension is too high, the ink 
cannot be jetting through the nozzle as the actuator is unable to produce enough 
force to overcome the capillary pressure. If surface tension is too low, the ink will 
stream out of the nozzle or form unstable droplets. The surface tension of an 
ideal ink is typically ~30 dynes/cm, which is high enough to hold the fluid in the 
nozzle without dripping, and yet does not result in a capillary pressure higher 
than that the actuator can overcome. Surface tension can be adjusted by adding 
surfactants and selecting proper solvent composition. Typically a surfactant is 
used in very low concentrations of below 1% w/w, which is already sufficient to 
induce a significant change in the ink performance. Beyond a concentration 
threshold, further addition of the surfactant does no longer alter the surface 
tension. The surface tension resulting from the composition of the liquid medium 
typically remains constant at equilibrium. Its value can be readily measured by 
conventional methods [23]. However, if the surface tension is tuned with the 
addition of surfactants, the measurement of overall surface tension should also 
take into consideration the contribution of dynamic surface tension [23]. 
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§2.2.3.3  pH value 
The pH value affects the inkjet performance of water-based inks most signifi-
cantly due to its influence on the solubility of various components and the stability 
of colloidal dispersion. Water-based inks often contain polymeric binders, which 
are added to adjust the viscosity and surface tension of the resulting solution. 
Some of these polymer additives are insoluble at low pH values, thus a water-
based ink typically needs to be at a high pH values to overcome the insolubility 
problem. The pH influences the colloidal stability of the fluid, which can be 
qualified by the zeta (ζ) potential of particles in the fluid. The ζ potential is the 
electric potential difference between the dispersion medium and the stationary 
layer of fluid attached to the dispersed particle in a colloidal system. It indicates 
the degree of repulsion between adjacent and similarly charged particles in a 
dispersed system. A higher ζ potential usually implies a more stable system, 
which can be achieved by charging the adsorbed polymers by varying the pH of 
the system. In many aqueous media, the pH of the system is one of the most 
important factors affecting its zeta potential as the acidity and the alkalinity 
determine the amount of charges the polymer particles tend to acquire [24]. 
Hence if the pH value of the solution is not favourable, the polymers in the fluid 
will flocculate, resulting in unstable jetting. 
§2.2.3.4  Foaming 
Foaming is a phenomenon whereby bubbles are produced in the ink, which can 
be detrimental to the jetting performance. The presence of bubbles can often 
block the nozzles, which can cause misaligned jetting of inks or even termination 
of the entire jetting process. The addition of surfactants and polymers can often 
result in foaming. The problem can be overcome by adding a defoamer, which is 
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a molecule that breaks down the foams present in the system. However 
defoamers typically have limited solubility in the ink, and tend to precipitate from 
the ink with prolonged storage, which can also affect jetting significantly. There-
fore the use of defoamers is often avoided or only advised in low concentrations. 
Another way to tackle the problem is by degassing the solution with techniques 
such as ultrasound degassing or vacuum pump. 
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§2.3  Aerosol jet printing 
Another subgroup of droplet-based direct writing techniques is aerosol jet printing, 
also commonly known as the Maskless Mesoscale Materials Deposition (M3D), 
developed by Optomec Inc [25]. Instead of directly depositing individual ink drop-
lets, aerosol jet printing dispenses a collimated aerosol beam onto the substrate 
at a variable stand-off (print head to substrate) distance. The technique is said to 
be capable of breaking through the limitations of inkjet printing, while maintaining 
most of its advantages. Any liquid with a viscosity of less than 5000 cP can be 
deposited with an aerosol printer, which significantly widens the range of print-
able inks and consequently the range of functional materials that can be printed. 
One essential part of aerosol jet printing is to place the liquid in an atomizer and 
create a dense aerosol of micro-droplets for printing. Depending on the viscosity 
of the printed fluid, the aerosol can be generated via two different methods, 
namely ultrasonic atomization and pneumatic atomization.   
§2.3.1  Methods of atomization 
Ultrasonic atomization is typically suitable for nebulising fluids with low viscosity 
(~ 0.7 - 10 cP) or with suspended particles (< 50 nm) by placing a piezoelectric 
transducer in contact with the fluid. The piezoelectric element produces a high-
frequency ultrasonic wave, which generates a vapour mist from the fluid reservoir. 
A carrier gas fed into the fluid reservoir then transports the vapour mist to the 
nozzle.  




Fig. 2.7 Schematic representation of the working principle of ultrasonic 
atomization (left) and pneumatic atomization (right) [26]. 
 
The pneumatic atomizer is used when the nebulised fluids have much higher 
viscosities (~ 10 - 5000 cP) or larger suspended particles (< 0.5 µm). The carrier 
gas is introduced at high velocity, passing over a channel that is connected to the 
fluid reservoir. This results in a difference in air pressure and draws the fluid from 
the reservoir through the channel. The carrier gas then shears the liquid stream 
into droplets and produces a dense aerosol, which is subsequently transported to 
the nozzle. A schematic representation of the working principles of the ultrasonic 
atomization and the pneumatic atomization is shown in Fig. 2.7. 
§2.3.2  Beam collimation  
A unique feature of aerosol jet printing is the collimation of the printed vapour 
mist at the deposition head. As the aerosol reaches the deposition head, it will be 
collimated by an incoming sheath gas, as shown in Fig. 2.8. The sheath gas 
surrounds the aerosol and prevents the micro-droplets and the suspended 
particles from coming into contact with the inner walls of the nozzle. This feature 
enables several advantages for the use of aerosol based direct writing techno-
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logy. Besides alleviating the problem of nozzle clogging, the collimation feature 
also allows a jetting diameter much smaller than the nozzle diameter to be 
formed by adjusting the sheath gas flow rate. A larger sheath gas flow rate 
typically results in a smaller jetting diameter, and hence a smaller printed feature 
size. However increasing the sheath gas flow rate also causes the pressure to 
build up at the nozzle, which might lead to nozzle blocking over time. Therefore a 
balance between the sheath gas flow rate and the aerosol flow rate must be 
obtained in order to produce stable jetting and small printed feature size.  
Furthermore the collimation of the aerosol enables printing at a wider range of 
stand-off distances, as the jetted aerosol is surrounded by the sheath gas and 
less likely to be affected by environmental factors upon exiting the nozzle. This 
also allows printing to be performed over substrates with varying topography with 
minimal deviation in the printed line width. 
 
Fig. 2.8 Schematic illustration of collimation of the aerosol beam, adapted from 
[26]. 
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§2.4  Inkjet printing vs aerosol jet printing 
 
Fig. 2.9 Schematic comparison between inkjet printing and aerosol jet printing, 
adapted from [26]. 
 
Today, inkjet printing is one of the, if not the, most mature and widely employed 
technologies in the printing industry. However it has also encountered a number 
of intrinsic hurdles that are not easily overcome. One of these bottlenecks is the 
limitation on the viscosity of the printed fluids. Due to the stringent requirements 
for the viscosity of inks that can be inkjet printed, an inkjet printable fluid consists 
mostly of solvents. Two consequences arise from the printing of low-viscosity 
inks. The density of the ink droplets is typically low, which compromises the 
desired functionality of the printed fluids (i.e. to print functional materials). Low-
viscosity fluids also tend to spread more easily upon impact on the substrate, 
which limits the minimum width of the printed features. Aerosol jet printing on the 
other hand is able to handle a much wider range of viscous solutions and high-
density micro-droplets are typically printed. Not only does this reduce the 
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spreading effect, but it also increases the parameter space for the deposition of 
functional materials.  
In addition, inkjet printing is typically optimized at a fixed stand-off distance as the 
printed droplets are affected by environmental factors upon exiting the nozzles. 
The movement of the print head and the chances of misfiring and nozzle 
clogging significantly influence the directionality of the printed droplets, which ulti-
mately affects the precision of the printed pattern. In the case of aerosol jet 
printing these problems can potentially be solved by using a beam collimation, as 
shown in Fig. 2.8. The collimation of the aerosol results in a very directional 
printing nature, which prevents the printed aerosol from being affected by 
environmental factors outside of the nozzle. Unlike inkjet printing, this feature 
allows printing to be done at a variable stand-off distance. A comparison between 
inkjet printing and aerosol jet printing is schematically represented in Fig. 2.9. 
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§2.5  Applications in the PV industry 
Droplet-based direct writing techniques have received a fair share of attention 
from the photovoltaic (PV) industry in the recent years. Its unique features allow it 
to be used in many areas of applications, which can potentially replace some of 
the commonly used technologies. Some examples of these applications are 
given in the following sections. 
§2.5.1  Metallization 
One of the main issues encountered by the PV industry today is cost reduction. 
In order to reduce the material cost, the thickness of the wafers used for the 
fabrication of solar cells is gradually decreasing. This inevitably increases the 
chance of wafer breakage when conventional screen printing is used for 
metallization. The non-contact printing feature of droplet-based direct writing 
techniques makes them excellent candidates to replace screen printing and the 
digital patterning feature omits the need for screen fabrication and facilitates 
flexible and fast prototyping of desired patterns.  
The University Center of Excellence for Photovoltaics (UCEP) at Georgia 
Institute of Technology, USA collaborated with XJET Solar1 on seed layer and full 
height silver metallization of silicon wafer solar cells, and produced solar cells 
with full ink jetted gridlines with a champion efficiency of 18.7% [27, 28]. The 
XJET inkjet printer has a heated substrate holder that can reach up to 230 °C, 
which allows fast drying of the silver inks upon deposition. However, a high-
temperature substrate holder is usually not recommended as a higher proportion 
of additives and a less volatile solvent might be required for ink formulation, in 
order to produce stable and consistent jetting at elevated temperatures. This will 
                                               
1
 http://www.xjetsolar.com/ 
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inevitably compromise the proportion of conductive materials in the ink, resulting 
in low conductivity. The National Renewable Energy Laboratory (NREL) in the 
USA published initial results on various types of printed metals such as Cu and 
Ni, using both inkjet printing as well as aerosol jet printing [29-31]. Functional 
CIGS solar cells were fabricated featuring inkjet printed full silver contacts and 
nickel/silver bilayer contacts, with champion efficiencies of 10.7% and 11.6%, 
respectively [29]. The aerosol jet printing of a seed layer followed by a light-
induced plating process was also studied, resulting in silicon wafer solar cells 
with efficiencies exceeding 20% [32, 33]. Both inkjet printing and aerosol jet 
printing were employed in the metallization of n-type silicon wafer solar cells. 
§2.5.2  Dielectric patterning 
Recent developments in solar cell designs such as passivated emitter rear locally 
diffused (PERL) and selective-emitter solar cells often require patterning of 
dielectric layers. For industrial PERL or selective-emitter solar cells, laser 
ablation is typically used to open the dielectric films. However, laser ablation also 
induces some damage to the underlying silicon, which limits the potential 
efficiency gain. Inkjet printing has been introduced as an alternative method for 
opening dielectric films, as certain etchants can be inkjet or aerosol printed. 
Alison Lennon’s group at the University of New South Wales (UNSW) developed 
both indirect and direct etching methods employing inkjet printing and aerosol jet 
printing to pattern dielectric layers [34-36]. However, both processes still have 
low throughput, due to the complexity of the process flows and stability issues in 
the jetting mechanism of the used solutions. 




Fig. 2.10 Schematic illustration of inkjet patterning of a dielectric layer using (a) 
the indirect etching method [35] and (b) the direct etching method [34]. 
 
The mechanism of the indirect etching method is shown in Fig. 2.10(a). A 
plasticizer ink is jetted onto a resist-coated substrate, making the resist locally 
permeable. The sample is then immersed into etching solution and the dielectric 
layer underneath the permeable region is removed. A great advantage of this 
method is that the formation of the permeable region is reversible, by subjecting 
the sample to a saturated vapour of propylene glycol mono-methyl ether acetate 
(PGMEA) in a vacuum desiccator for 15 minutes, followed by a re-bake process 
at 140 °C for 10 minutes to remove excess solvents. The working principle of the 
direct etching method is shown in Fig. 2.10(b). The sample is first spin-coated 
with an acidic polymer. A fluoride containing ink is then jetted onto the acidic 
polymer, locally forming HF that etches through the dielectric layer.  
§2.5.3  Selective emitter 
Inkjet printing can also be utilized to fabricate selective emitters of solar cells. In 
terms of (pre-) commercial application, the results from the companies Schmid 
and Innovalight are most notable. Schmid used an inkjet-printed wax in 
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combination with a wet-chemical etch back to obtain a selective emitter [37]. 
Innovalight used inkjet printing of doped Si nanoparticles with subsequent 
thermal diffusion for the formation of a selective emitter, however, in mass-scale 
manufacturing they reverted to conventional screen printing [38] for higher 
throughput and more reliable printing stability. 
§2.5.4  Novel ink applications 
Inkjet printing, as the name suggests, consists of not only the printing technology, 
but also the ink technology. Novel ink formulations such as hotmelt inks and UV 
curable inks make it possible to print fine features (< 30 µm) with high resolution 
and high precision. Fraunhofer ISE in Germany, for example, used inkjet printing 
of hot-melt masks for metal and dielectric lift-offs [39]. 
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§2.6  Summary 
This chapter started with an overview of direct writing methods, which comprises 
flow based, energy beam based, tip based and droplet based technologies. As 
the work of this thesis was performed solely with inkjet and aerosol jet printers, 
the droplet based direct writing method was discussed in some detail. For inkjet 
printing, a review of the different technologies and their origins were described. 
This was followed by a discussion of another crucial component of inkjet printing 
- ink formulation. The Chapter then discussed the aerosol jet printing technology, 
including the methods of atomization and the unique feature of beam collimation. 
Next, a succinct comparison between inkjet printing and aerosol printing was 
made. The chapter concluded with a list of current applications in the PV industry 
using the droplet based direct writing techniques.  
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Chapter 3. Etching of highly doped crystalline 
silicon in hydrofluoric acid 
 
§3.1  Introduction 
The direct patterning processes described in this thesis are mainly applicable to 
the final part of the solar cell fabrication sequence. Therefore it requires proper 
understanding of the processes prior to direct patterning, in order to facilitate a 
good comparative study. Any variation in the earlier processing can result in 
undesirable effects to the overall performance of the solar cells. This Chapter 
looks into an unexpectedly high etch rate observed for heavily doped n-type 
silicon in hydrofluoric acid (HF). The observed effect is detrimental to the overall 
performance of the resulting solar cells, if not managed properly. 
The selective removal of dielectric films is an essential process in the fabrication 
of microelectromechanical systems (MEMS) and other crystalline silicon (c-Si) 
based semiconductor devices. For this reason hydrofluoric acid (HF) - in both 
aqueous and vapour form - is routinely utilized in the semiconductor industry due 
to its highly selective etching of dielectric films over c-Si [1-3]. It has also been 
established previously that the etching rate of c-Si in HF is low or insignificant [4]. 
An in-depth study on the etch rates of c-Si in HF was done by Willeke and Keller-
mann [5]. They determined the room-temperature etch rates of both n-type (111) 
c-Si with a bulk resistivity in the 0.01-1000 Ωcm range and p-type (111) c-Si with 
a bulk resistivity in the 0.1-25 Ωcm range to be less than 0.01 nm/min in 50% HF 
[5]. They also reported an inverse relationship between the initial etch rate of c-Si 
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and the HF concentration. A faster etch rate of c-Si, of 0.047 nm/min, in diluted 
(10%) HF was previously observed by Hu and Kerr [6]. They concluded that the 
etching action is the result of Si oxidation by the hydroxyl ions in the aqueous 
solution. Jakob and Chabal performed an experiment to monitor the surface 
morphology of step (111) Si when it is being exposed to HF solutions buffered in 
NH4F and/or NaOH with various pH values [7]. They too observed that the 
etching rate of c-Si (111) Si in HF solutions increases with increasing pH value. 
The exact etching rate however was not reported. The excellent chemical 
stability of c-Si in HF was thus confirmed in several studies [8-14].  
In recent years, there has been a growing interest in advanced industrial c-Si 
wafer solar cell designs that enable higher energy conversion efficiencies in a 
cost-effective way. Many of these designs require single-side processing of c-Si 
wafers, for which sacrificial masking layers, such as silicon oxide (SiOx) and/or 
silicon nitride (SiNx), are typically used [15-18]. These sacrificial masking layers 
are typically removed in HF solutions, as the extreme etch selectivity of HF is 
expected to have minimal effects on the un-masked surface regions of the c-Si 
wafer. However, Ebong et al. observed an etch back phenomenon of n+ c-Si with 
peak doping concentration of 1.31020 cm-3 and a reduction of the surface carrier 
density resulting from an extended surface clean of the n+ c-Si in HF [19]. The 
etch-back of n+ c-Si in HF was also employed in the fabrication process of back 
contact solar cells [20]. In the present work we further investigate and show that 
the selectivity does not necessarily apply to highly doped n-type c-Si, as the etch 
rate of highly doped n+ silicon in HF can approach 1 nm/minute. A highly doped 
n-type emitter on p-type c-Si, formed via dopant diffusion, is commonly used in 
the PV industry to form a p-n junction and a highly doped surface layer that can 
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be ohmically contacted with a metal electrode. The unexpectedly high etch rate 
significantly changes the doping characteristics of the n+ emitter and thus 
impacts the contact formation process in the solar cell fabrication sequence, 
which in turn has detrimental effects on the solar cell efficiency. Based on the 
experimental results, we propose that heavily doped n-type c-Si has a different 
etching behaviour in dilute HF compared to lightly doped n-type c-Si [5]. An 
explanation is presented for the unusually fast etching rate observed for heavily-
doped n-type c-Si in diluted HF that considers the contributions of: (i) hydroxide-
mediated hydrolysis of silicon; and (ii) the carrier concentration dependent effects 
of heavily doped layers on the etching behaviour. This observed etching 
behaviour can potentially be exploited for device fabrication.  
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§3.2  Experimental details 
A batch of 25 planar Cz p-type (156x156 mm2) monocrystalline c-Si (100) wafers 
with resistivity of 1.3 Ωcm (Na = 1.110
16 cm-3) was saw damage etched in a KOH 
solution and subsequently underwent the RCA (Radio Corporation of America) 
cleaning sequence. The wafers then went through a double-sided phosphorus 
diffusion process. After a surface clean in diluted HF, the sheet resistances of the 
n+ diffused emitters were measured with a four point probe (Cresbox, Napson) to 
have an average value of about 68 Ω/□ per side. The measurements were done 
in the mapping mode, using 45 measurement positions. The lateral uniformity of 
the sheet resistance was calculated as follows: 
𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 =
max⁡(𝜌𝑠ℎ𝑒𝑒𝑡) − min⁡(𝜌𝑠ℎ𝑒𝑒𝑡)




One wafer was kept as a control wafer, while the remaining 24 wafers were 
jointly placed in the heated HF bath at 40 °C. After a certain time the wafers were 
removed from the HF bath, rinsed in de-ionised water and dried with N2 gas one 
at a time at specific time intervals ranging from 1 minute to 4 hours. The sheet 
resistance of each wafer was measured after removal from the HF bath and DI 
water rinsing.  
As the bath was heated from the bottom, the temperature gradient in the bath 
resulted in a lateral non-uniformity of the emitter sheet resistances, see Fig. 3.1. 
Thus, only measurements taken at the centre of the samples were used for the 
subsequent analysis. The doping profiles of the control sample and a few 
selected samples after etching were obtained with electrochemical capacitance-
voltage (ECV) profiling (WEP, CVP21). Each ECV profile was calibrated with 
respect to the measured sheet resistance of the corresponding sample. Since 
Chapter 3  Etching of highly doped c-Si in HF 
 
43 
every sample underwent the same industrial diffusion process, the initial doping 
profiles of all the samples can be assumed to be identical.  
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§3.3  Determining the etch rate 
We checked the surface morphology with a scanning electron microscope (SEM) 
and observed no significant change in the surface morphology of the samples. 
Fig. 3.2 shows the measured sheet resistance of all investigated samples after 
removal from the 40 °C HF bath (and rinsing and drying), as a function of the 
etching time. It can be seen that the sheet resistance shows a linear dependence 
with the HF etching time during the early stages of etching. After about 60 
minutes of HF etching, the sheet resistance starts to saturate towards a value of 
about 250 Ω/□. It was confirmed by hot-probe and ECV measurements that the 
polarity of the surface was still n-type, thereby confirming that the n+ diffusion 
was only partly removed at this stage. 
 
Fig. 3.2 Measured n+ emitter sheet resistance as a function of the etching time in 
HF 
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To determine the Si etch rate from the experimental data of Fig. 3.2, a relation-
ship between the etch depth and the etching time has to be established. The 









1+𝐵1𝑋+𝐵2𝑋2+𝐵3𝑋3  (3.2) 
where n is the carrier density,  the resistivity, and X a logarithmic function of the 
resistivity. A0, A1, A2, A3, B1, B2 and B3 are constants with the values of -3.1122,  
-3.3347, -1.261, -0.15701, 1.0463, 0.39941 and 0.049746, respectively [21]. The 











where x is the depth and d is the junction depth.  
Fig. 3.3 shows the measured active doping profile and the corresponding 
calculated sheet resistance as a function of the etch depth. From this data, the 
time dependent etch depth and its time derivative (i.e. the etch rate) can be 
calculated, see Fig. 3.3. During the first 40 min of etching in HF the etch depth 
seems to increase linearly with time, corresponding to an etch rate of 0.5-1.2 
nm/min. With increasing etching time the etch rate slows down, and the etch 
depth seems to saturate at 43 nm. This corresponds to a sheet resistance of 
about 250 Ω/□ in Fig. 3.2. To confirm the etch depths calculated in Fig. 3.3, 
additional ECV measurements were conducted. Samples etched for 32, 50 and 
200 min were taken for this analysis, as indicated in Fig. 3.4. 




Fig. 3.3 Active n+ dopant profile (filled squares with line) and corresponding 
calculated sheet resistance (dashed line) as a function of the etch depth of the 
control wafer. 
 
The active dopant profiles are plotted in Fig. 3.5, whereby they have been offset 
along the x-axis by the etch depth calculated from the measured sheet resistance. 
It can be seen that the doping profiles measured by ECV generally confirm the 
calculated etch depths. The surface dopant concentration of the wafer that was 
etched in HF for 200 minutes appears to be lower than expected. Considering 
that the etching of silicon oxide in HF typically results in the hydrogen termination 
of the silicon surface [22, 23], one possible explanation for the lower-than-
expected surface doping concentration of this sample is the passivation (i.e., 
neutralisation) of active dopants by hydrogen after extended exposure to HF. 
Another possible factor could be an increasing uncertainty in the ECV measure-
ments with decreasing surface carrier concentration.  




Fig. 3.4 Calculated etch depth (top) and etch rate (bottom) of n+ c-Si samples as 
a function of the etching time. The three samples indicated by circles in the top 
graph were further investigated using ECV measurements, to experimentally 
confirm the calculated etched depth 
 
It can be seen from Fig. 3.4 that the etching rate slows down to almost zero at an 
etch depth of 43 nm. To investigate the root cause of this behaviour, in Fig. 3.6 
the etch rate is plotted as a function of surface carrier concentration. As can be 
seen, at carrier concentrations above 31020 cm-3, the etch rate is within the 
range of 0.8 ± 0.4 nm/min. Below 31020 cm-3, with decreasing carrier concen-
tration the etch rate also decreases. When the carrier concentration crosses a 
value of 1.31020 cm-3, the etch rate drops to the range of 10-2 nm/min.  
 




Fig. 3.5 Active n+ dopant profiles determined by ECV measurements. The active 
doping profiles of the HF etched samples are laterally offset by the calculated 
etch depth shown in Fig. 3.4. It can be seen that the active dopant profiles 
overlap reasonably well, thereby confirming the calculated etch depths. 
 
 
Fig. 3.6 Measured etch rate of n+ c-Si as a function of the active carrier concen-
tration in the near-surface layer. The dashed line is a guide to the eye. 
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As shown in Fig. 3.7, this drop in etch rate as the carrier concentration decreases 
below 1020 cm-3 is in good agreement with results previously reported by other 
researchers. A carrier concentration of 1.31020 cm-3 corresponds to a Fermi 
level position of 0.11 eV below the conduction band edge, which has been 
identified by Kimerling as the energy level of the second acceptor level of the 
silicon vacancy [24]. This means that if the Fermi level of n+ c-Si is above EC - 
0.11 eV the silicon vacancy V will be doubly charged (from here on referred to as 
V=). On the other hand, if the Fermi level of n+ c-Si drops below EC - 0.11 eV, the 
V= dissociates into V- and releases an electron back into the conduction band. 
 
Fig. 3.7 Experimentally determined relationship between the etch rate in HF and 
the carrier concentration at the surface of n-type c-Si wafers. The results from the 
literature (square, circles and diamonds) are taken from Refs. 5, 6 and 30. 
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§3.4  Etching mechanism 
We believe that the fast etching behaviour is due to a combination of several 
etching mechanisms, one being the hydroxide-mediated hydrolysis of silicon. The 
etching rate of n-type silicon at 25 °C increases with increasing OH- concen-
tration or pH value [6, 25]. The hydroxide-mediated hydrolysis of silicon becomes 
increasingly significant as the pH value increases beyond 8, and its rate 
increases exponentially with temperature [26]. In this work, the etching of n+ 
silicon was performed at 40 °C in 5 % (w/w) HF, which corresponds to a pH of 
4.4 and hence an [OH-] of 2.510-10 M [27]. The etch rate for hydroxide-mediated 
etching of silicon at 40 °C is about 3 times higher than that at 25 °C [28, 29].  
 
Fig. 3.8 Comparison of etch rates in HF with respect to the pH value. The open 
and filled squares are the results of etch rates at 25 °C taken from Refs. 5 and 25. 
The filled circles are their corresponding etch rates adjusted for 40 °C. The line is 
a linear fit of the projected logarithmic etch rates. 
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The etch rate observed in this work is plotted with respect to pH in Fig. 3.8 and is 
compared to previously reported etch rates for (111) silicon which were 
measured at 25 °C and have been adjusted for a temperature of 40 °C. The 
logarithmic etch rate demonstrates a linear relationship with increasing pH value. 
The etch rate observed in this work is higher than the previously reported etch 
rates, even if the effect of temperature is taken into consideration. Furthermore, 
hydroxide-mediated etching of (100) silicon is significantly faster than that of (111) 
silicon (which results from an alkaline-textured silicon surface) [28, 29], and 
therefore the expected etch rate from hydroxide-mediated etching in the current 
work would be expected to be lower than that for (100) silicon. Therefore it is 
concluded that whilst hydroxide-mediated silicon etching may contribute to the 
observed high etching rate, it cannot fully account for the observed etching 
behaviour. 
Another key factor to consider is the impact of the high dopant concentration on 
etch rate. Valckx et al. also observed a higher etch rate of n-type silicon in 2% 
HF solution at high arsenic dopant concentration under light-biased etching 
conditions [30]. They proposed that the stress induced by the high arsenic doping 
level leads to amorphization to the silicon surface crystal, resulting in a higher 
than expected etch rate. Their reported etch rate for n-type silicon is included in 
Fig. 3.7 for comparison. Although the etch rate they observed at the carrier 
concentration of 1020 cm-3 is comparable to that observed in this work, a signifi-
cant difference is that the etching of silicon in this work was performed in the dark. 
Etching of silicon in HF is faster under illumination due to the band bending at the 
silicon-electrolyte interface [26]. However, the strain induced in the silicon crystal 
by arsenic doping is lower than that by phosphorus doping due to a greater 
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difference in size between silicon and phosphorus atoms [31]. The atomic radii of 
silicon, arsenic and phosphorus are 1.17 Å, 1.18 Å and 1.10 Å, respectively [32], 
which inevitably results in a larger induced stress for the phosphorus doped 
silicon. Moreover, as the phosphorus dopant concentration exceeds 21019 cm-3, 
the induced stress is already high enough to cause plastic deformation to the 
silicon surface [33]. Hence even though the etching process was performed 
without illumination, the stress induced amorphization of the silicon surface may 
have a significant impact on the etching behaviour as the dopant concentration 
increases beyond the point of plastic deformation. It may also explain the 
reduced etch rate with decreasing dopant concentration as the extent of 
amorphization is reduced at lower dopant concentrations. This contribution to the 
etching rate is likely to be very sensitive to the phosphorus doping profile. 
High dopant concentration may also enhance vacancy-induced hole creation. 
Gerischer and Mindt proposed that the presence of holes plays a crucial role in 
initiating the chemical etching of n-type silicon in HF as it weakens the bonds in 
its vicinity and subjects the substrate atoms to nucleophilic attacks [34]. The 
holes are typically injected via photoexcitation or applied voltage bias, both of 
which were not present in this work. On the other hand Fair and Tsai proposed 
that as a vacancy absorbs (i.e., removes) an electron from the conduction band, 
a hole is simultaneously created as a free carrier in the valance band [35]. 
Furthermore the concentration of n-type silicon vacancies is expected to increase 
exponentially with increasing phosphorus concentration, i.e., with the shift of the 
Fermi level into the conduction band [32]. Thus as the carrier concentration 
increases beyond 1.31020 cm-3, the increasing number of doubly negatively 
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charged vacancies V= may act as a source of holes, which initiate the dissolution 
of n-type silicon in HF.  
As the carrier concentration falls below 1.31020 cm-3, the dissociation of V= 
vacancies and the decrease in the total vacancy concentration result in a drastic 
reduction in the number of mobile holes available to kick-start the initiation 
process for silicon etching. This effect, coupled with the reduction in the dopant 
induced stress with decreasing carrier concentration, may have caused the etch 
rate to decrease drastically. It is therefore concluded that a number of factors 
may contribute to the observed high etching rate of n+ silicon, however given the 
strong dependence of the etching rate on the n+ layer’s carrier concentration 
shown in Fig. 3.6, it is likely that mechanisms associated with the dopant concen-
tration dominate over the hydroxide-mediated hydrolysis. Although such high 
etching rates for n+ silicon have not been previously reported, none of the pre-
vious studies has measured the etching rate of n+ Si at such high carrier concen-
trations and high temperature. Interestingly, this explanation of the etching 
mechanism implies that the etching of n+ silicon in 5% (w/w) HF is self-limiting 
and most likely very sensitive to the nature of the phosphorus doping profile. 
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§3.5  Application in solar cell fabrication sequence 
§3.5.1  Integration with SiNx mask removal 
The use of a sacrificial masking layer such as SiNx and SiO2 for single-side 
processing and its subsequent removal in HF is an essential part of the fabri-
cation sequence of several devices [36-39]. In particular, SiNx has been used as 
sacrificial mask for single-side texturing and diffusion processes in the fabrication 
sequence of silicon solar cells [40-42]. During the mask removal process in HF, 
the exposed surface of the silicon wafer, which is typically heavily doped, will 
inevitably be affected by the etching solution. This will, for example, result in poor 
contact formation between the emitter and the front screen printed Ag contacts 
due to the increase in the sheet resistance of the unprotected n+ emitter. As the 
etch rate of SiNx in HF is still much higher than that of n
+ c-Si as observed in the 
present work, the improved understanding of the etching of n+ c-Si in heated HF 
can be exploited in conjunction with the mask removal process, providing a well-
controlled etch-back of a heavily doped n+ c-Si layer to obtain a more desirable 
emitter profile for solar cell fabrication.  
A batch of monocrystalline Czochralski p-type large-area (156x156 mm2) Si (100) 
wafers with resistivity of 1.3 Ωcm (Na = 1.110
16 cm-3) was RCA cleaned and 
rear-side coated with a SiNx mask of a certain thickness (in the 75-150 nm range) 
for the subsequent front-side texturing and phosphorus diffusion. The sheet 
resistance of the formed n+ emitter was measured as about 60 Ω/□. The removal 
of the rear-side SiNx mask was done in a 40 °C dilute HF bath at a concentration 
of 5% (w/w). Complete etching of the SiNx film is confirmed via hydrophobic 
surface conditions at the rear surface of the wafer. The time taken to completely 
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remove the masking layer was recorded for each SiNx thickness, and the 
resulting sheet resistance of the unprotected n+ emitter was also measured with 
a four point probe. The results are shown in Fig. 3.9.  
 
Fig. 3.9 Time taken to completely remove the SiNx mask in 40 °C HF, as well as 
the resulting sheet resistance on the unprotected n+ emitter. 
 
It can be seen from Fig. 3.9 that the etching time for complete removal of the 
SiNx mask increases linearly with SiNx thickness, as expected. The etching 
behaviour of the heavily doped n+ c-Si manifests itself in the slight etch back of 
the n+ emitter, resulting in an increase of the emitter sheet resistance. The sheet 
resistance increment is found to increase with increasing etching time. The thick-
ness of the SiNx mask can be varied with different process requirements and 
sensitivities, to achieve the desired degree of protection. The corresponding 
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etch-back of the n+ c-Si can be taken into account via the initial design of the 
diffusion profile.  
The higher etch rate of SiNx relative to that of n
+ c-Si can also be exploited in 
device applications. For example, the etching temperature can be increased if 
only a slight variation in the sheet resistance is desired, as the effect of a 
temperature increment is more significant for the etch rate of SiNx as compared 
to that of n+ c-Si.  
 
Fig. 3.10 Time taken to completely remove the SiNx mask in 50 °C HF and the 
resulting sheet resistance on the unprotected n+ emitter. 
 
It can be seen from Fig. 3.10 that an increase of 10 °C in the etching temperature 
from 40 °C to 50 °C significantly reduces the etching time required to completely 
remove the SiNx mask. In addition, the increment in the resulting sheet resis-
tance of the n+ emitter is comparatively lower. Therefore, the integration of the 
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etching of n+ c-Si in HF with the mask removal process can be tailored to achieve 
the desired outcome, by suitably selecting the initial diffusion profile, the SiNx 
mask thickness, and the temperature of the HF bath. 
§3.5.2  Formation of lightly doped emitters 
The self-limiting nature of the n+ etching mechanism in HF can be exploited 
industrially to simplify the solar cell fabrication sequence. An example of its 
industrial application is to simultaneously achieve the formation of an advanced 
front emitter and the rear junction removal process when used in combination 
with photo-enhanced etching of silicon. A schematic representation is shown in 
Fig. 3.11. 
 
Fig. 3.11 Schematic representation of the experimental setup for simultaneously 
achieving an advanced front emitter and rear junction removal. This figure 
assumes a p-type wafer.  
 
The etch rate of silicon in HF is significantly enhanced by illumination as hole 
injection can be initiated by photons [26], and is independent of the free carrier 
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concentration at the n+ surface. By performing a double-sided n+ diffusion to the 
p-type c-Si wafer, and subsequently illuminating one side of the diffused wafer 
during etching in heated HF, the p-n junction on the illuminated side can be 
removed while the self-limiting n+ etching as described in the earlier section of 
this chapter can be achieved on the non-illuminated side. This process can form 
a single-side lightly doped n+ emitter, which is being investigated for several solar 
cell applications [43-45], with a less stringent requirement on the initial design of 
the n+ emitter profile. 
A possible design of an inline tool utilizing the technology is shown in Fig. 3.12. 
The proposed design consists of two main chambers, namely the etching 
chamber and the rinsing chamber. The diffused wafers will be loaded onto a 
roller and transported into the etching chamber, where they will be secured by a 
double roller system. The bottom side of the wafers will be in direct contact with a 
heated HF bath for the self-limiting etching described above. The top side will 
also be sprayed with heated HF (via suitable nozzles). A UV lamp illuminates the 
wafers from the top, which will result in p-n junction removal through accelerated 
etching. The wafers will then be transported into the rinsing zone, whereby the 
top side of the wafers will be sprayed with de-ionized water via the water nozzles 
and the bottom side of the wafers will be in direct contact with the rinsing water 
bath. Subsequently the wafers will be unloaded. The etching time can be 
adjusted by changing the rotational speed of the rollers. 




Fig. 3.12 Possible design of an inline tool. 
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§3.6  Conclusion 
In this Chapter, a detailed study of the etching behaviour of phosphorus emitters 
in a heated HF bath was carried out. By a combination of sheet resistance and 
active dopant profile measurements it was found that the etch rate of highly 
doped n+ c-Si is unexpectedly high, ~0.8 nm/min for surface carrier densities of 
above 31020 cm-3. The etching rate was found to decrease rapidly when the sur-
face carrier concentration dropped below 31020 cm-3. At surface carrier concen-
trations below 1.31020 cm-3 (which corresponds to a Fermi level position of 0.11 
eV below the c-Si conduction band) the etching rate approached negligible levels 
of around 0.02 nm/minute. The cause of the fast etching was proposed to be 
related to a combination of hydroxide-mediated hydrolysis and carrier concen-
tration dependent effects, and therefore is very sensitive to the phosphorus 
doping profile. This self-limiting etching behaviour of n+ layers can potentially be 
exploited for the fabrication of advanced semiconductor devices such as solar 
cells. Some possible applications in solar cell fabrication sequences were 
described. 
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Chapter 4. Geometric confinement of directly 
deposited features on hydrophilic rough surfaces 
using a sacrificial layer 
 
§4.1  Introduction 
It is challenging to achieve high definitions for inkjet printed features on hydro-
philic rough surfaces, such as a textured silicon surface coated with a dielectric 
film. A spreading diameter of ~5 mm is typically observed for a 10 pL inkjet 
droplet when printed onto a textured silicon surface coated with silicon nitride. In 
this Chapter, a new geometric confinement method is employed to facilitate a 
much higher inkjet printing definition in the range of ~50 µm, which is within the 
desired range for locally contacted silicon wafer solar cells. 
In recent years there has been growing interest in the use of inkjet printing 
technology in many industries, due to its flexibility in digital prototyping and its 
ability to perform precise spatial deposition of structural and functional materials 
[1-3]. Some notable applications of inkjet printing are: the printing of cells and 
DNA (deoxyribonucleic acid) patterns in the life sciences industry [4, 5]; the 
fabrication of organic and inorganic electronic components in the microelectronic 
industry [6, 7]; the fabrication of layers and electrodes of organic and inorganic 
solar cells in the photovoltaic industry [8-10]. A major challenge for inkjet printing 
is to achieve high definition for the printed features, particularly on hydrophilic 
surfaces. The contact angle is lower when an inkjet droplet impacts a rough 
surface [11] and partial wetting is enhanced with the presence of topography [12], 
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therefore resulting in a large drop spreading area and extremely low printed 
feature definition.  
Reduction of inkjet-printed feature sizes has been attempted through drop size 
modulation, ink formulation, and substrate pretreatments. Reducing the inkjet 
nozzle size, modifying a printhead’s actuating signal, and tuning ink viscosity 
have been proposed as ways to modulate the printed drop size [13, 14]. For 
example, Meier et al. managed to reduce the size of an inkjet droplet deposited 
from a standard 10 pL printhead to only ~2 pL by tuning the driving waveform 
and heating the print cartridge and the substrate to 55 °C [15]. Inkjet printed lines 
of 25 µm width were produced. However further reductions in drop size do not 
lead to significant reductions in the spreading diameter on hydrophilic rough sur-
faces and, moreover, require more prints to achieve the required structure or 
functionality. Consequently, several approaches focusing on fine-tuning the 
physiochemical properties of the ink, as mentioned in Chapter 2, have been 
proposed. [16-22]. It is, however, well known that tailoring ink formulation is 
complex, as it requires a balance between ink jettability and functionality. 
Modifications to the substrate prior to inkjet printing were performed to achieve 
higher feature definition. One way is to create alternating hydrophobic and 
hydrophilic regions by photolithography, so that the spreading of the printed 
droplets is confined to the hydrophilic regions by the repelling hydrophobic 
regions [7, 23, 24]. However, the use of photolithography negates one of the 
main advantages intrinsic to inkjet printing, of being able to form patterns without 
a mask. Instead of changing surface chemical homogeneity, another approach is 
to modify the surface topography to physically confine inkjet printed droplets. 
Numerical studies demonstrated the effectiveness of a predefined surface 
Direct writing for silicon wafer solar cells   
 
68 
topography to align inkjet printed features towards critical device dimensions [25]. 
Hendriks et al. created trenches on a polymeric substrate through hot-embossing 
before performing inkjet printing [26]. However, this approach is not applicable to 
rigid substrates such as textured silicon wafers.  
We report here a geometric confinement process for inkjet printing of hydrophilic 
rough surfaces. The process uses an organic sacrificial layer and negates the 
need for photolithography or complex ink formulation. Inorganic materials such 
as silicon oxide (SiOx) and silicon nitride (SiNx) are frequently used as sacrificial 
layers for surface micromachining and protection [27-29]. The deposition of such 
materials usually involves high-temperature processes or complicated chemical 
reactions. In this work, a water soluble polymer, polyacrylic acid (PAA), was 
utilised at room temperature as a sacrificial layer to change both surface 
chemistry and topography of a hydrophilic rough surface to assist in confining the 
inkjet droplet placement. PAA, when spin-coated, can form films of excellent 
uniformity and homogeneity [30]. The resulting film is highly soluble in water 
without the need for corrosive reagents and organic solvents. Another key 
characteristic of PAA films exploited in this study is the change of its solubility in 
water when heated above 170 °C [31, 32].  
The confinement process was experimentally demonstrated through a sub-
tractive inkjet printing process whereby ~200 nm of SiNx coated on an alkaline-
textured silicon surface was selectively removed with multiple printing passes. 
Line patterns were first formed by inkjet printing H3PO4 on the spin coated PAA, 
which was then heated to 200 °C. The change in the PAA solubility at 200 °C 
enabled the confinement of the subsequently printed H3PO4 droplets which 
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etches through the SiNx film. Fig. 4.1 shows a schematic depicting the steps of 
the geometric confinement process. 
 
 
Fig. 4.1 Process flow for the selective etching of a dielectric on a hydrophilic 
textured silicon surface using the proposed geometric confinement process.  
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§4.2  Materials and methods 
Two types of monocrystalline Czochralski silicon wafers with polished (100) and 
alkaline-textured surfaces were used as substrates. The wafers were cleaned 
using the standard RCA cleaning sequence, followed by immersion in 5% (w/w) 
hydrofluoric acid for ~10 seconds. The wafers were then rinsed in deionised 
water for ~10 minutes and blown dry with a nitrogen gun. Subsequently 200 nm 
of SiNx was deposited on the wafers by plasma-enhanced chemical vapour 
deposition (PECVD, AK400, Roth & Rau). The surface roughness of polished 
and textured silicon wafers coated with SiNx film was less than 10 nm and 5 µm, 
respectively.  
PAA (average molecular weight of ~ 100 kg mol-1, 35 % (w/w) in H2O, viscosity 
~1030 cP, Sigma-Aldrich) was diluted to 10, 17.5, 25, and 30 % (w/w) in de-
ionised water, corresponding to PAA viscosities of 12, 46, 160, and 380 cP, 
respectively. The viscosity of the diluted PAA solutions was measured with a 
Couette viscometer (DV-II+ Pro, Brookfield). The prepared PAA solutions were 
spin-coated (WS-650MZ-8NPP, Laurell Technologies) onto the wafers at spin 
speeds of 2000, 3000, 4000, 6000, and 8000 rpm. Contact angle measurements 
were performed on the PAA coated surfaces using a Ramé-Hart telescopic 
goniometer with a 2 ml syringe and 22 gauge flat-tipped needle. The probe fluid 
was purified water using a Millipore Milli-Q system. The PAA coating thickness 
on polished silicon wafers was measured with a surface profilometer (Dektak IIA, 
Veeco) after selectively removing the PAA layer by dipping the sample partially 
into deionised water. The amount of PAA spin-coated on the polished silicon 
wafer was compared to that on the textured silicon wafer by weighing (GR-200, 
A&D Company Limited) the samples before and after the spin-coating process. 
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A 50% (w/w) phosphoric acid (H3PO4, J.T. Baker) was inkjet printed (DMP 2831, 
FUJIFILM Dimatix Inc.) using 10 pL printheads (DMC-11610, FUJIFILM Dimatix 
Inc.) onto the PAA-coated silicon wafers. The H3PO4 solution was found to be 
jettable with a measured surface tension of ~76 mN/m and a viscosity of ~6 cP 
[33]. A customised waveform was developed to actuate the printhead at 5 kHz, 
producing ~10 pL droplets with a terminal velocity of 10 m/s. Multiple droplets 
were printed and the drop spacing (the distance between the centres of two con-
secutively printed droplets) was optimized to form fine grooves. The patterned 
samples were then baked at 200 °C in a non-fan forced LABEC general purpose 
oven.  
As the etch rate of SiNx in H3PO4 is only significant at temperatures greater than 
~180 °C [34], which is much higher than the maximum temperature obtainable 
(~70 °C) by the heating component of the inkjet printer, the acid was further inkjet 
deposited into the fine grooves and the substrate was again heated to 200 °C in 
an oven. The process was repeated several times in order to selectively etch 
through the 200 nm thick SiNx film. Finally the wafers were cleaned in piranha 
solution, which consisted of 98% (w/w) H2SO4 and 30% H2O2 in a 3:1 ratio, to 
remove the remaining PAA material. Optical microscope (BX51, Olympus) 
images of the etched surfaces were recorded to ensure that the PAA was fully 
removed after the piranha etching. 
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§4.3  Results and discussion  
§4.3.1  PAA thickness  
First it was necessary to calibrate the PAA layer thickness as a function of PAA 
concentration and the spin speed used during spin coating. The PAA layer needs 
to be sufficiently thin to allow full removal of the PAA film by inkjet printing of the 
50% H3PO4 solution, and sufficiently thick to physically confine the droplets 
during the etching of the SiNx film. Furthermore, a sufficiently thick PAA coating 
on the textured silicon substrate is needed to smoothen the surface. 
 
Fig. 4.2 Non-linear Gauss 2D surface fit of PAA thickness with respect to PAA 
concentration and spin speed. The black dots are the raw data points. 
 
As the PAA viscosity and the spin speed significantly affect the resulting PAA 
thickness, these parameters were tuned to vary the PAA thickness. The resulting 
PAA thickness on a polished silicon wafer as shown in Fig. 4.2 was fitted as a 
function of the PAA concentration and spin speed, using a nonlinear fitting 
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method (Gauss2D model, OriginLab). Within the investigated range, the spin-
coated PAA thickness increases exponentially with increasing PAA concentration 
and decreasing spin speed. The surface fit relates any desired PAA thickness to 
its required experimental conditions, which facilitates the thickness optimization 
process. 
As it is difficult to measure the film thickness of the spin-coated PAA on a 
textured silicon surface, an experiment was designed to compare the PAA mass 
gained on a textured wafer to that on a polished wafer after the spin-coating 
process. Several spin-coating conditions corresponding to various film thick-
nesses were extracted from Fig. 4.2. These conditions were then used to spin 
coat PAA on both textured and polished silicon wafers. A textured and a polished 
silicon wafer were laser-cleaved to have an identical area (39 mm × 39 mm), and 
the weight gain after the spin-coating process was determined for both the 
wafers. For each test condition, at least three measurements were performed on 
both polished and textured wafers. The wafers were rinsed thoroughly in 
deionised water after each measurement, dried with a nitrogen gun, and reused 
for the next spin-coating process. The initial weight of the sample was measured 
to be identical, thereby indicating a thorough cleaning of the PAA from the 
previous spin coating step.  
Fig. 4.2 clearly shows a one-to-one relationship between the spin-coated PAA 
weight on a textured wafer versus a polished wafer. The textured silicon surface 
is a special example of a rough surface, as all of the pyramids have the exact 
same crystal orientation while the height of the pyramids is randomly distributed 
in the range of 1 to 5 µm as a result of the alkaline texturing process. This results 
in an area factor of ~1.7 for a textured silicon surface compared to a polished 
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surface. However, as we are mostly interested in the thickness range where the 
pyramid structure of the surface is smoothed by the PAA, this difference in 
surface area becomes irrelevant.  
 
Fig. 4.3 Plot of the spin-coated PAA weight on a textured wafer versus that on a 
polished wafer. The error bars indicate the difference between the maximum and 
minimum measurements for each spin coating condition on both textured and 
polished wafers. The red line is a linear fit with the intercept fixed at 0. The blue 
circle is the amount of PAA that is required to cover the pyramids of the textured 
silicon. 
 
To further illustrate this, PAA layers with a projected thickness ranging from 0.6 
µm to 6 µm were spin-coated onto SiNx coated textured silicon wafers. Sub-
sequently a single ~ 10 pL droplet of 50% (w/w) H3PO4 was inkjet deposited onto 
the coated surface. Micrographs of the spin-coated surface and the printed 
droplets are shown in Fig. 4.4. The blue spots seen in the micrographs are the 
pyramid structures of the alkaline-textured silicon wafers. A significant number of 
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pyramids are observed when the textured wafers were coated with a 0.6 µm PAA 
layer, suggesting that the film thickness is strongly affected by the pyramid 
texture. As the height of the random pyramids ranges from 1 µm to 5 µm, the 
number of observable pyramids decreased with increasing PAA thickness as the 
textured surface is gradually smoothened by an increasingly thicker PAA film. 
This further advocates that the difference in the surface area between a textured 
and a polished surface is becoming less relevant as the number of pyramids 
affecting the spin-coated thickness decreases. The above observation agrees 
well with the results from Yu et al. [12] whereby a similar conclusion was made 
for patterned nanoscale roughness. Furthermore the increasing PAA thickness 
also decreases the number of pyramids exposed to the subsequent etching 
process, which facilitates in the confinement process. 
 
Fig. 4.4 Microscopic views (at 100 times magnification) of single inkjet printed 
droplets (each ~10 pL) on textured surfaces, spin coated with PAA of various 
apparent thicknesses. The PAA projected thickness is extrapolated from Fig. 4.2 
with known PAA concentration and spin speed. 
 
Fig. 4.4 also illustrates how the PAA coating changes the inkjet droplet spreading 
on textured silicon surfaces. It was observed that when an inkjet droplet impacted 
a SiNx coated textured silicon surface, the spreading diameter was in the range 
of ~5 mm, and consequently not compared in Fig. 4.4. As PAA fills up the valleys 
of the pyramid textured surface, both the hydrophilicity and the roughness of the 
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surface are reduced. This reduces the capillarity-induced spreading of the 
deposited droplet and improves the regularity of the spreading contact line. The 
resulting feature size of the deposited droplet is in the range from 40 to 60 µm, 
depending on the PAA thickness.  It can be seen that a 0.6 µm thick PAA film is 
already enough to constrict the feature size to ~60 µm. However as the 0.6 µm 
thick PAA film is insufficient to alter the surface characteristics of the textured 
silicon, the deposited droplet spreads irregularly. With increasing PAA thickness, 
the contact line regularity of the deposited droplet continuously improves, 
gradually replicating that of an inkjet droplet deposited on polished silicon. When 
the PAA thickness is increased to 6 µm, no exposed pyramid tips remain (see Fig. 
4.4), rendering a smooth and homogenous surface. The resulting feature size of 
the deposited droplet is reduced to ~40 µm. This indicates that, by increasingly 
covering a hydrophilic rough surface with chemicals of tuneable surface energy, 
the surface topography and hydrophilicity can be easily modified for high 
definition and better geometrical confinement of inkjet printed features (the 
contact angle of water on PAA was measured to be 63.2 ± 2.0 °).   
§4.3.2  Drop spacing optimization  
It is well known that drop spacing has a significant impact on the line formation of 
inkjet deposited features [35]. When the drop spacing is larger than the droplet 
diameter, there is no overlap between two consecutively printed droplets. On the 
other hand, too much overlap due to small drop spacings induces the formation 
of so-called bulging lines, as shown in Fig. 4.5. 
 




Fig. 4.5 Microscope images of various inkjet defined lines obtained by changing 
the drop spacing from 80 to 20 µm. The drop diameter was measured to be ~27 
µm. The substrate was a 200-nm SiNx coated polished silicon wafer. The SiNx 
was coated with a 4-µm PAA film in order to reduce the surface's hydrophilicity. 
The micrographs were taken after single lines of 50% (w/w) H3PO4 10-pL 
droplets were printed and the PAA film was removed by immersion in piranha 
solution. The colour differences of the backgrounds of the four images result from 
different microscope lighting conditions and should be ignored. 
 
Fig. 4.5 shows the lines etched in a 200 nm SiNx-coated polished silicon wafer 
after a single print of H3PO4 with a drop spacing ranging from 20 to 80 µm and a 
5 minutes heat treatment at 200 °C. Upon the removal of the PAA by immersion 
in piranha solution, the colour difference of the etched lines observed on the SiNx 
indicates that the PAA was fully dissolved and a thin layer of SiNx was also 
removed by the H3PO4 in a single print. It is shown that the etched line formed at 
a drop spacing of 80 µm is marginally continuous and appears wavy, which 
indicates that the overlap of the printed droplets is insufficient. When the drop 
spacing is decreased to 50 µm, the droplets are deposited closer together and a 
better overlap is obtained resulting in a well-defined continuous etched line. An 
increase in line width was also observed with decreasing drop spacing, which is 
evident in the wider etched line resulting from inkjet printing at the drop spacing 
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of 30 µm. Further reduction in the drop spacing to 20 µm results in the formation 
of a bulging line. The observations made for inkjet printing of negative features 
are in agreement with previous studies on inkjet printing of positive features [36, 
37]. It is imperative to produce well defined, yet narrow etched lines. Therefore 
the drop spacing of 50 µm appears to be optimal with a corresponding line width 
of 75 µm. 
§4.3.3  Dielectric opening 
The confinement process is experimentally demonstrated through selectively 
etching 200 nm of hydrophilic SiNx deposited on an alkaline-textured silicon 
surface with pyramid height of 3 - 5 µm. The SiNx coated textured silicon surface 
is a special representation of a hydrophilic rough surface, on which a ~10 pL 
inkjet droplet (~27 µm in diameter) forms an irregular pattern with a significant 
spreading dimension in the millimetre range. As mentioned earlier, a PAA thick-
ness greater than the height of the subsequently deposited droplets was required 
to achieve physical confinement. If the printed line is assumed to be continuous 







where Vdrop is the volume of a single droplet, n is the number of droplets printed, 
and wline and lline are the width and length of the printed line. In this work, the 
required height of the printed lines was calculated to be about 3.5 µm. This 
means that physical confinement can only be achieved when the PAA thickness 
is greater than 3.5 µm.  




Fig. 4.6 Line openings of 200-nm SiNx-coated polished silicon with (a) 1.3 µm 
PAA and (b) 4 µm PAA, and on a pyramid textured silicon wafer with (c) 1.3 µm 
PAA and (d) 4 µm PAA. 
 
To confirm this hypothesis, etching of 200 nm SiNx on both polished and textured 
silicon wafers coated with 1.3 and 4 µm PAA was investigated. It was found that 
for PAA films with a thickness of up to 4 µm, the change in solubility can be 
achieved by a heat treatment at 200 °C for least 2 minutes. The impact of PAA 
thickness on the physical confinement process is shown in Fig. 4.6. In the case 
of using 1.3 µm PAA on both polished and textured substrates, as the thickness 
is smaller than the estimated height of the inkjet printed line, the PAA is unable to 
physically confine the printed H3PO4. During the initial phase of the heating 
process, a decrease in viscosity induces the H3PO4 to further wet the PAA 
surfaces on both sides of the groove. As evaporation occurs rapidly, the H3PO4 
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concentration increases quickly and breaks up into small droplets. The H3PO4 
concentration was ~94.5 wt. % in a 200 °C ambient [34]. The small droplets left 
on the PAA surfaces on both sides of the groove are believed to locally etch the 
PAA and the underlying SiNx. This phenomenon is clearly evident in Fig. 4.6 (a) 
and (c), whereby the SiNx on both sides of the groove is affected by the etching 
process. As shown in the micrographs, the interaction between the H3PO4 and 
the substrate surface at high temperatures is also different for polished and 
textured substrates. Local etching in the form of circular spots was observed on 
both sides of the groove formed on the polished substrate, which was not 
observable in the case of the textured substrates due to the surface unevenness 
of the sample in Fig. 4.6(c). A thinner PAA film relative to the height of the 
surface texture is not sufficient to alter the surface characteristics of the textured 
substrate. In the case of 4 µm of PAA, physical confinement of the H3PO4 was 
achieved when the PAA thickness was greater than the estimated height of the 
inkjet printed H3PO4, which prevented the H3PO4 from overflowing onto the sides 
of the groove. This is also shown in Fig. 4.6 (b) and (d), whereby no sign of local 
etching on either sides of the groove was observed.  
 
Fig. 4.7 Schematic representation of proposed explanation for Fig. 4.6.The 
quenching process is achieved by abruptly removing the sample from heat. 
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The proposed explanation is represented schematically in Fig. 4.7. It is typically 
difficult to achieve fine feature sizes for direct etching of thick (~200 nm) dielectric 
layers, as several print passes are required to completely etch such a dielectric 
layer. Without physical confinement, an increasing number of printing passes 
increases the spreading of the printed solution and results in a wider line width. 
Line widths in the range of 150 µm to 200 µm in ~15 printing passes were 
reported for direct etching of a dielectric stack consisting of 40 nm of AlOx and 
100 nm of SiNx, using a 10 pL printhead [38]. In comparison, the method 
proposed in this work is able to form a geometric confinement that significantly 
reduces the degree of spreading. The final line width after ~5 printing passes was 
measured to be ~75 µm, which did not deviate much from the line width obtained 
during the first printing process.  
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§4.4  Design of an in-situ heating platform 
The line width can potentially be further reduced by using a 1-pL printhead. An 
etched line on a polished wafer coated with 200 nm of SiNx is shown in Fig. 4.8. 
The line width was measured to be only ~30 µm.  
 
Fig. 4.8 Etched line with 1-pL printhead on a polished wafer coated with 200 nm 
SiNx. 
 
However as the direct etching process requires repeated printing and heating, 
the formation of a well-defined etch line depends heavily on the accuracy of 
realigning the subsequently printed droplets with the previously etched grooves 
after heating. The intrinsic alignment precision of the inkjet printer of about ± 5 
µm therefore becomes the limiting factor affecting the definition of the printed 
features using the 1-pL printhead. Once the substrate is removed from the platen 
for heating in the oven, it is impossible to re-align the printhead back to the exact 
printing origin. As a consequence, the etching of the 200 nm SiNx on the polished 
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wafer was very inconsistent. The high visibility of the polished surface under the 
fiducial camera of the inkjet printer facilitated better re-alignment and enabled 
complete etching of some portion of the printed line. However misalignment 
affected other parts of the printed line and only partial etching was achieved in 
those regions. Re-alignment was much more problematic when the etching of 
SiNx was performed on a textured wafer, as the visibility under the fiducial 
camera was very low. No successful etching of the printed line was achieved.  
The only way to overcome the alignment issue is to heat the substrate without 
removing it from its original printing position throughout the entire inkjet printing 
process. An in-situ heating platform, shown in Fig. 4.9, that enables substrate 
heating to over 200 °C was thus built in-house and placed on the platen of the 
inkjet printer. 
 
Fig. 4.9 Photograph of the in-house built in-situ heating platform used in this work. 
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The in-house built heating device comprised of a heating element (placed in 
between two silicon wafers to ensure that the substrate could be placed on a flat 
surface), a heat sensor, a switch, and a controller that regulated the temperature 
and displayed the set temperature and actual temperature. The heating device 
was able to handle Si wafer samples with a diameter of up to 3 inch.  
 
Fig. 4.10 Etched line with 1-pL printhead on a textured wafer coated with 200 nm 
SiNx using the in-situ heating platform to maintain the substrate temperature 
above 200 °C throughout the entire printing process. 
 
Using the in-situ heating platform, the temperature of the substrate could be 
maintained at 200 °C throughout the entire printing process. As long as the 
substrate is kept stationary, no re-alignment is necessary. A textured wafer was 
coated with 200 nm of SiNx and spin coated with ~3.5 µm of PAA. The sample 
was then fixed to the heating platform and inkjet printed with H3PO4 at 200 °C. 
After 8 layers of printing, the sample was rinsed in piranha solution to remove the 
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insoluble PAA and the residual H3PO4. A micrograph of the etched line is shown 
in Fig. 4.10. 
The line width of the opened dielectric layer was measured to be only ~15 µm. 
The feature size was reduced by a factor of two compared to the feature size 
obtained without using the in-situ heating platform. The significant reduction in 
the feature size can be related to two factors. Firstly, with the in-situ heating 
device in place, as long as the sample is kept stationary throughout the entire 
printing and heating process, the printing origin for each layer can be restored to 
exactly the same spot. The platen theta, which determines the relative tilt angle 
of the substrate with respect to the printing platen, can also be kept identical. 
Unless clogging of nozzles or misfiring takes place, the printing pattern of the 
subsequent layers will not deviate from that of the original printing layer. 
Secondly, it is also advantageous to perform inkjet printing at high temperatures, 
particularly the printing of H3PO4. When the substrate is heated to 200 °C, the 
viscosity of the inkjet printed H3PO4 droplets increases immediately upon impact 
on the substrate surface. The concentration of a heated H3PO4 solution in a 
reflux bath at 200 °C, as mentioned earlier, is greater than 90%. The water 
content of the solution decreases sharply, which results in an increase in the 
H3PO4 concentration and a decrease in the total mass of the printed droplets. 
Therefore the effective area occupied by each printed droplet is smaller. The 
surface tension of H3PO4 also increases with increasing temperature, which 
increases the contact angle of the printed droplets and minimizes the spreading 
diameter.  
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Therefore, with the advantages brought forth by the in-situ heating platform, in 
combination with the unique properties of H3PO4 at high temperatures, the line 
width of the printed H3PO4 could be well-controlled down to a value of 15 µm. 
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§4.5  Conclusion 
This Chapter described a new method for the geometric confinement of inkjet-
printed features by patterning via a spin-on sacrificial layer. Physical confinement 
was successfully demonstrated on both polished and textured SiNx-coated c-Si 
surfaces with a subtractive inkjet printing method, which involved using PAA as 
the spin-on sacrificial layer and inkjet printing of H3PO4 to selectively etch the 200 
nm thick SiNx layer.  
It was found that the behaviour of line formation with respect to changing drop 
spacing for subtractive inkjet printing is similar to that for additive inkjet printing. A 
large drop spacing results in the formation of a discontinuous etched line. Like-
wise, a small drop spacing induces the occurrence of bulging lines. It was also 
found that the thickness of the spin-on sacrificial layer plays a crucial role in the 
confinement process. A thick sacrificial layer not only confines the inkjet printed 
features and prevents localized etching on both sides of the main etched line, but 
also acts as a smoothening agent for rough surfaces. The apparent thickness of 
the spin-coated PAA on a textured surface was gauged relative to the true thick-
ness of PAA on a polished surface and a one-to-one linear relationship was 
found. Finally, 200 nm of SiNx was successfully selectively etched on both 
polished and textured silicon surfaces. In each case, the final line width after 
repeated printing was measured to be around 75 µm, which did not deviate much 
from the line width obtained during the first printing process.  
The line width of the patterned dielectric layer was further reduced to ~30 µm by 
printing with a 1-pL printhead. However, the etching was inconsistent due to the 
physical limitation of the inkjet printer during re-alignment. An in-situ heating 
device was therefore fabricated to eliminate the re-alignment step. The advan-
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tages of in-situ heating and the unique properties of H3PO4 at high temperature 
resulted in the high definition of the printed lines of ~15 µm. 
The physical confinement described in this Chapter is not limited to the sub-
tractive inkjet printing application and the usage of PAA as the base material for 
the sacrificial layer. The process can also be coupled with additive inkjet printing 
or aerosol printing. Furthermore, the sacrificial layer can also be modified and 
tuned for other applications.  
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Chapter 5. Aluminium local back surface field 
(Al-LBSF) solar cells with directly etched dielectric 
films 
 
§5.1  Introduction 
The PV industry is continuously trying to reduce costs per Watt-peak by 
increasing the efficiency of increasingly thinner Si wafer solar cells. For this 
reason novel solar cell designs are required that e.g. have a higher level of 
surface passivation at both surfaces and exhibit lower reflection losses. The 
aluminium local back surface field (Al-LBSF) silicon wafer solar cell is one such 
cell design that is currently being intensively investigated for mass-scale manu-
facturing. In an Al-LBSF solar cell the full-area aluminium rear is replaced by a 
dielectric film covered with an Al film. The dielectric is locally opened to provide 
electrical contact between the Al rear electrode and the Si wafer. During the firing 
step the Al and the c-Si form an alloy, which then creates a local back surface 
field. The local dielectric openings are typically formed by a laser, either before 
printing of the Al film [1] or after deposition of the Al film (laser-fired contacts [2]). 
The laser process typically induces some damage to the underlying silicon [3], 
and hence potentially limits the theoretically possible PV efficiency gain. Direct 
printing technologies such as inkjet and aerosol jet have been introduced as 
alternative methods to pattern dielectric layers for solar cell fabrication.  
The direct printing of HF containing etchants is usually not recommended as 
such etchants can have detrimental effects on both the inkjet and aerosol jet 
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printheads. Inkjet printheads are typically made of silicon, which oxidizes very 
quickly in air. As a result, a thin layer of native SiO2 is formed on the surface of 
the printheads and the nozzles. The HF containing etchants easily remove the 
thin layer of native SiO2 in the printheads and precipitate the SiO2 at the nozzles. 
During the jetting process, the SiO2 is not necessarily removed from the nozzles, 
resulting in the clogging of nozzles over time. In the worst case scenario, nozzle 
clogging can happen even before printing. In the case of aerosol jet printing, the 
nozzle tip is generally made of alumina (Al2O3). The printing of HF containing 
etchants can easily corrode the nozzle tip, which results in an enlargement of the 
printed feature size, or even a leakage of HF fumes. The production of HF 
aerosol through atomization is by itself a very dangerous process, let alone its 
leakage. Therefore other etching methods are being investigated.  
The printing of acid resistant hot melt ink as mask for dielectric layer structuring 
was proposed by Fallisch et al. [4]. The phase changing requirement of the hot 
melt ink when heated to above 70 ˚C poses a significant constraint on the 
printhead design and strongly limits the accessible functionality of the ink. A 
reversible masking technique was developed by Lennon et al. [5], as mentioned 
in Chapter 2, to pattern the dielectric film. This approach not only involves many 
processing steps, it also requires some form of protection to the uncoated side. 
Therefore, in terms of device fabrication, the process is tedious and not easily 
controllable. Lennon et al. have also developed a maskless patterning technique 
[6, 7] (refer to Chapter 2). A schematic representation of the process using both 
inkjet printing and aerosol jet printing is shown in Fig. 5.1. In this work the mask-
less patterning technique was investigated for the opening of the rear dielectric of 
Al-LBSF silicon wafer solar cells, using both the inkjet printing and the aerosol jet 
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printing technologies. The Al-LBSF solar cells produced with inkjet opened rear 
dielectric films have a homogeneous emitter structure, with screen printed Ag 
front and Al rear contacts. The Al-LBSF solar cells produced with aerosol jet 
opened rear dielectric films have a selective emitter structure, with evaporated 
aluminium as the rear contact and plated nickel (Ni) and copper (Cu) as the front 
contact.  
 
Fig. 5.1 Schematic representation of the maskless patterning techniques used in 
this work.  
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§5.2  Experimental details 
§5.2.1  Inkjet printing 
A batch of 21 (125 × 125 mm2, pseudo-square) Al-LBSF silicon wafer solar cells 
was produced with inkjet opened dielectric layers, using the process flow of Fig. 
5.2. The Cz p-type monocrystalline silicon wafers were first saw damage etched 
by the slow silicon etch (SSE) [8], followed by a single-side SiNx mask deposition 
by PECVD (SiNA XS, Roth & Rau). The exposed surface of the wafers was then 
textured in an alkaline solution. After a RCA and HF clean, the samples were 
diffused in a POCl3 diffusion tube furnace resulting in a sheet resistance of 60 
Ω/□. Subsequently, the phosphorus silicate glass (PSG) was removed by etching 
in diluted HF (5%) and the wafers received an RCA clean prior to coating the 
wafers with a SiNx (80 nm) film at the front side and a stack of AlOx (40 nm) and 
SiNx (100 nm) at the rear surface. Subsequently, the rear surface of six wafers 
was patterned by a picosecond laser ablation (SuperRapid, LUMERA) with a 1 
mm line pitch, while the remaining 15 wafers were patterned with an inkjet printer 
(DMP3000, Fujifilm Dimatix) with a 1 and 2 mm line pitch. As mentioned earlier, 
the direct etching technique using an inkjet printer developed by Lennon et al. [6, 
7] was used for the opening of the dielectric layer. First PAA was spin coated 
onto the wafers and left to dry. Subsequently, a solution containing ammonium 
fluoride (NH4F) was printed onto the acid-coated rear surface of the wafer, locally 
forming HF that etches the rear dielectric layer. Residual etchants and deposits 
were then rinsed off in deionized water. The printing solution is prepared from 40% 
(w/v) ammonium fluoride (Sigma Aldrich) and polyethylene glycol (PEG) 400 
(Sigma Aldrich). The resulting solution consisted of 11.2% (w/v) ammonium 
fluoride (NH4F) and 20% (v/v) polyethylene glycol (PEG) 400. 




Fig. 5.2 Process flow for Al-LBSF solar cell fabrication with inkjet opened rear 
dielectric layer. 
 
The wafers were printed using three different conditions: 10 layers of NH4F 
solution and 15 layers of NH4F solution at 1.0 mm pitch distance and 10 layers of 
NH4F solution at 1.5 mm pitch distance. For pitch distances of 1.0 and 1.5 mm, 
125 and 83 line openings were created, respectively. It was ensured that the total 
processing time of the wafers was comparable to allow complete etching of the 
dielectric. The printed wafers were then rinsed in DI water, dried, and then 
screen printed with a Ag front metal grid and a full-area Al paste at the back, 
followed by a fast co-firing process (Ultraflex, Despatch Industries).  
Direct writing for silicon wafer solar cells   
 
98 
§5.2.2  Aerosol jet printing 
Another batch of small (40 × 40 mm2) modified Al-LBSF solar cells with a 
selective emitter was fabricated. The wafers were partially processed by an 
industry partner with a homogenously diffused POCl3 emitter (120 Ω/□), a SiNx 
(75 nm) antireflection coating at the front, and a stack of AlOx (10 nm) and SiNx 
(200 nm) at the rear. The subsequent processes and the resulting cell structure 
are schematically shown in Fig. 5.3. 
 
Fig. 5.3 Schematic representation of the process flow (bottom) and the resulting 
cell structure (top). 
 
The rear dielectric was first spin coated with PAA, and subsequently patterned 
with an aerosol jet printer (Solar Lab System, Optomec) by depositing dilute 
NH4F solution (10 wt. %). The substrate was then rinsed in deionised water for 
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10 minutes to remove the residual etchant and deposits, and dried with a 
nitrogen gun. Next, Al was evaporated and fired for the formation of rear contact 
and localized BSF. Three different firing temperatures were used for the last two 
zones of the firing furnace, namely 750, 810 and 850 °C. The front side of the 
wafers was spin coated with phosphorus acid (85 wt%), prior to the formation of 
the selective emitter by laser doping [9]. The resulting sheet resistance of the 
laser doped area was ~15 Ω/□. Subsequently, plating of nickel and copper was 
performed to form the front contact. 
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§5.3  Results and discussion 
§5.3.1  Inkjet preparation 
It is important to first tailor the spin coating conditions to process large wafers (5 
inch wide). The amount of PAA used for spin coating must be sufficient to 
uniformly cover the wafer. The spin coating condition comprises three steps, as 
shown in Table 5.1. The first step spins at low speed of 1000 rpm. PAA was 
added to the centre of the wafer during the first step until the wafer is fully 
covered with PAA. The second and third steps gradually smoothen the surface 
and reduce the thickness of the spin coated PAA by increasing the spin speed 
and the spin time. 
Table 5.1 Spin coating conditions used for the PAA coating process.  
Step Rpm Time (s) 
1 1000 10 
2 3000 10 
3 5000 30 
 
It is commonly known that fluoride ions and water are both essential to the 
etching of many dielectric materials [10, 11]. Since the HF solutions are not 
suitable for printing, the NH4F based solution is the best bet for direct patterning 
of dielectric layers. As discussed in Chapter 2, inks should have a viscosity of 
10 - 12 cP and a surface tension of 28 - 32 dynes/cm in order to achieve optimal 
jetting. The solution obtained had a viscosity of only 4 cP and a surface tension 
of ~50 dynes/cm. Although the physiochemical properties lie outside of the 
optimal jetting range, stable jetting of the solution was achieved by Lennon et al. 
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from a single nozzle of a 1 pL printhead. However, with the use of multiple 
nozzles of a 10 pL printhead, the jetting process was observed to be very 
unstable. Several alterations such as increasing the pH by adding ammonium 
hydroxide (NaOH, 28 wt. %) [7] and degassing the prepared solution were thus 
performed, in order to stabilize the jetting condition. The jetting parameters were 
also tailored to ensure a smoother jetting process. 
§5.3.1.1  Waveform modification 
Modifications were performed to three main jetting parameters, namely the firing 
voltage, the meniscus vacuum and the jetting waveform. The firing voltage is an 
indication of the jetting force applied to a piezoelectric membrane to push the 
fluid out of the nozzle. As the surface tension of the prepared solution is higher 
than the optimal range, the inertia for the solution to emerge from the nozzles to 
form droplets is also higher. Thus the firing voltage was increased to increase the 
magnitude of the pressure wave.  
The meniscus vacuum on the other hand determines the negative pressure 
inside the pumping chamber to prevent undesired leakage of the solution. Since 
the viscosity of the prepared solution was lower than the optimal range, the 
meniscus vacuum was also slightly increased to minimize leakage, but not to the 
extent of counterproductive effect of firing voltage increment.  
 




Fig. 5.4 Default jetting waveform used for a DMP cartridge. 
 
Modification to the jetting waveform is the most crucial part in optimizing the 
jetting conditions, as it dictates how the jetting pressure is exerted. A typical 
jetting waveform for a Dimatix Material Printer (DMP) cartridge print head is 
shown in Fig. 5.4, which consists of 4 sections. A negative pulse in Section A 
bends the piezoelectric membrane backwards, drawing the ink from the reservoir 
into the ink cavity. This is followed by a positive pulse in Section B that bends the 
membrane forward to fully jet out the stored ink. In Sections C and D, a step wise 
recovery of the piezoelectric membrane to its original position is put in place to 
ensure no drastic change in the air pressure around the nozzle, which might 
affect the jetted droplet, or introduce undesired air bubbles into the nozzle.  




Fig. 5.5 Double waveform proposed for low viscosity fluids [12]. 
 
However, this waveform is tailored for inks with ideal viscosity and surface 
tension. The viscosity of the prepared solution prepared is way below the ideal 
range, which results in a weak damping force of the fluid during jetting. Further-
more the thickener, PEG 400, used in this solution is a long chain polymer. It 
tends to elongate during the jetting process and thus not break up into droplets. 
As a result, the jetted fluid is usually accompanied by a long satellite tail and it 
has a tendency to retract back into the nozzles and cause clogging to the nozzles.   
Thus a new waveform has to be designed in order to print the low viscosity 
solution. Shin and Sung proposed the use of double waveforms, as shown in Fig. 
5.5, to drive their piezoelectric inkjet nozzle for the jetting of low viscosity liquid 
[12]. Although the idea of multiple driving pulses in one jetting waveform was 
investigated prior to this work [13-15], the focus was mostly on moderately 
viscous liquid. 
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The main issue with a low-viscosity fluid is that it usually has a weak damping 
force during the recovery phase of the piezoelectric membrane, which results in 
the leaking of the fluid and wetting of the nozzle area. A double waveform 
concept introduces a second pressure wave, which acts as an additional 
damping mechanism by reducing the liquid momentum during the recovery 
phase of the jetting process. Moreover, the second pressure pulse also intro-
duces an additional push to enhance the break-up mechanism for the jetting of 
long-chain polymers.  
 
Fig. 5.6 The alteration made to the driving waveform that produces a jetting 
process that was stable for hours. 
  
To implement this concept into the DMP default cartridge waveform, an 
additional peak was introduced after the first recovery step in Section C of Fig. 
5.4. The second pressure peak was not added after the full recovery step in 
Chapter 5  Al-LBSF solar cells with directly etched dielectric films 
 
105 
Section D so as to prevent undesired filling of the ink cavity before the second 
pressure wave was applied.  
Fig. 5.6 and Fig. 5.8 show two waveform alterations to the default cartridge 
waveform. The first alteration produced a jetting process that was stable for 
hours, as shown in Fig. 5.7. It was observed that the primary droplets were 
accompanied by long satellite tails, which seemed to be rectified by reducing the 
amplitude of the jetting voltage.  
 
Fig. 5.7 Photograph of the nozzle plate and the jetted droplets taken by the high-
speed camera of the DropWatcher of the DMP printer, showing a stable jetting 
process produced by the waveform alteration as shown in Fig. 5.6. 
 
At full voltage, the first pulse exerts a force that causes the solution to exit the 
nozzle at a high velocity, which usually leads to tail break-up. The long-chain 
polymer in the solution however tends to resist the separation and elongates into 
a long tail. The second pulse then further reinforces the tail breakup process. As 
a result, the droplet formed comprises a fast moving leading drop and an 
elongated satellite tail. When the voltage is decreased, the exit velocity of the 
leading drop will decrease. This reduces the room for the tail to elongate and 
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provides more time for the remaining droplet to catch up with the leading drop. 
Although the reduction in jetting pressure seemed to produce single droplets 
without satellite tails, the jetting became unstable over time as the low voltage 
only partially emptied the ink cavity. The solution left in the cavity was believed to 
have affected the subsequent jetting process and eventually resulted in clogging. 
 
Fig. 5.8 The alteration made to the driving waveform that produces well defined 
droplets. 
 
To overcome the jetting instability, a step-wise increase of pressure pulse was 
implemented to the piezoelectric membrane during jetting, as shown in Fig. 5.8. 
The first part of the positive pulse pushes the fluid out of the nozzle at a lower 
velocity, and the second part of the pulse fully empties the ink cavity. The jetting 
process using this waveform is shown in Fig. 5.9. The pulse duration for this 
waveform was ~12.9 µs. Thus it can be seen from Fig. 5.9 that tail breakup 
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occurs between 10 and 20 µs. As the second part of the positive wave empties 
the ink cavity, a more substantial amount of solution is jetted out of the nozzle at 
the end of the tail. The high surface tension of the solution causes the elongated 
tail to break up, resulting in the formation of a primary leading droplet and a 
secondary droplet between 20 and 30 µs. However, as the exit velocity of the 
leading droplet is not very high, the secondary droplet quickly catches up and 
merges with the primary droplet at ~40 µs. Single droplets were formed ~50 µs 
into the jetting process, as shown in Fig. 5.9. However as prolonged jetting is 
more stable using the first alteration, the waveform as shown in Fig. 5.7 is used 
for device fabrication. 
 
Fig. 5.9 Photographs of a nozzle and the positions of the jetted droplet at various 
time intervals produced by the waveform alteration as shown in Fig. 5.8, taken by 
the high-speed camera of the DropWatcher of the DMP printer, illustrating the 
drop formation process.  
 
§5.3.2  Al-LBSF with inkjet patterned dielectric layer 
A summary of the average results obtained for the 21 solar cells is provided in 
Table 5.2. It can be seen that the open-circuit voltage (Voc) values obtained by 
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the solar cells with inkjet printed dielectric openings were not significantly 
different from those with laser ablated dielectric openings. Theoretically one 
would expect a higher Voc for the solar cells with the inkjet opened rear dielectric 
due to the absence of laser induced damages. However, it can be seen from 
Table 5.2 that, except for cells printed with 10 layers of NH4F solution at 1.5 mm 
pitch distance, the average Voc values for the other two printing conditions were 
actually lower than that obtained for the solar cells with laser opened rear 
contacts. This is mainly due to the reduced metallization fraction for these solar 
cells.  
Table 5.2 Average of five one-Sun I-V results for the Al-LBSF solar cells 
produced in this study. The uncertainty given represents the standard deviation 
















































For laser ablated line openings, the line width is well controlled at 100 µm, 
resulting in a dielectric coverage of about 90% for rear side passivation. Whereas 
for inkjet opened dielectric with a 1.0 mm pitch distance, the chemical etching of 
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the dielectric layer was not controlled sufficiently to produce a consistent line 
width. The line width ranges from 150 µm to 200 µm, resulting in an 80% to 85% 
dielectric coverage only, which results in a significant reduction to the degree of 
rear side passivation. On the other hand, for inkjet opened dielectrics with a 1.5 
mm pitch distance, the dielectric coverage was found to be in the 86-90% range. 
This is comparable to the laser ablated lines, resulting in a better passivation 
quality compared to the solar cells with a 1.0 mm pitch distance.  
 
Fig. 5.10 Box plots of the one-Sun Voc of the solar cells with inkjet and laser 
opened dielectric films. 
 
Fig. 5.10 shows the statistical distribution of the Voc of the 21 cells. It can be seen 
that Group C has the largest spread of data compared to the rest of the inkjet 
printed groups, because not all the line openings were fully etched by 10 layers 
of NH4F printed solution. The data spread in Group B is the smallest, as these 
samples were printed with 15 layers of NH4F. Although the cells in Group D were 
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also printed with 10 layers of NH4F solution, the additional etching time allowed 
the dielectric layer to be fully opened.  
 
Fig. 5.11 Box plots of the one-Sun efficiency of the solar cells with inkjet and 
laser opened dielectric films. 
 
Fig. 5.11 shows the statistical distribution of the one-Sun solar cell efficiencies. 
Although the average Voc of the laser ablated cells was higher than that of the 
inkjet printed cells at 1.0 mm pitch distance, the average efficiency was lower. It 
can be seen from Table 5.2 that this is due to a lower average fill factor in the 
laser ablated cells, which resulted from a higher series resistance. As mentioned 
previously, the line width of the laser ablated openings were maintained consis-
tently at 100 µm, whereas the inkjet printed openings ranged from 150 µm to 200 
µm. For smaller line widths, there is a higher chance of Kirkendall void [16] 
formation during the fast firing process between the screen-printed aluminium 
and the underlying silicon. This results in an increase in contact resistance, which 
in turn increases the overall series resistance. However a smaller line width also 
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implies in a larger dielectric coverage, which is beneficial for the overall Voc of the 
solar cell. A larger dielectric coverage can typically be achieved by either 
increasing the pitch distance or decreasing the line width. Cui et al. reported a 
decreasing BSF thickness with increasing pitch distance, due to the spread limit 
of c-Si in Al [17]. At smaller pitch distance, the spread limit of Si in Al overlaps 
one another, thereby saturating the Al layer above the dielectric opening [18]. 
With increasing pitch distance that surpasses the spread limit, the saturation of Al 
above the dielectric opening decreases, resulting in a decreasing BSF thickness. 
This effect is more pronounced with thin layer of Al.  Urrejola et al. also observed 
that the spread limit does not depend on the opening width [19]. Therefore the 
reduction in line width is preferred in order to achieve a thick BSF for good 
contact formation while maintaining a large dielectric coverage for a good 
passivation effect. Furthermore the firing profile has to be tuned to minimize the 
resistive losses due to smaller line width. 
 
§5.3.3  Al-LBSF with aerosol jet opened dielectric layer 
The line width of an inkjet patterned dielectric film is limited by the physio-
chemical properties of the ink and its jetting stability. As the printed solution has a 
low viscosity, a high number of printing passes typically results in large feature 
sizes of > 150 µm. In addition, inkjet printing of NH4F solution mixed with 
PEG400 thickener still demonstrates relatively poor jetting stability. By patterning 
the dielectric layer with aerosol jet printing, the line width can be reduced due to 
the beam collimation feature. In addition, the aerosol formation from the NH4F 
solution is also very stable. Therefore the dielectric layers were reliably patterned 
at a line width of ~70 µm. The Al used for the rear contact was evaporated, rather 
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than screen printed, for its relative ease in the formation of thicker BSF. The 
effect of peak firing temperature on contact formation was investigated, while the 
dielectric coverage was maintained at > 90%. Three peak firing temperatures, 
namely 750, 810 and 850 °C, were employed for the last two firing zones. The fill 
factors of the cells and their corresponding pseudo fill factors are plotted against 
the peak firing temperatures in Fig. 5.12.  
 
Fig. 5.12 Boxplot of the FF (clear boxes) and the pseudo fill factors (shaded 
boxes) of the cells fired at a peak firing temperature of 750 °C, 810 °C and 
850 °C. The box plot represents the standard deviation of 3-5 cells. 
 
At the lowest peak firing temperature of 750 °C the variation in the FF was found 
to be relatively large, whereas the variation of the pseudo fill factor (pFF) was 
found to be smaller. This suggests that series resistance plays a significant role 
in the overall FF loss, as the pFF represents the (almost) series resistance free 
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FF. The contact formation is inconsistent and varies significantly from cell to cell. 
As the peak firing temperature increases, the standard deviation of the fill factor 
decreases, indicating an improvement in consistency in the contact formation. At 
the highest peak firing temperature of 850 °C, the standard deviation of the FF 
does not deviate much from that of the pFF, indicating a more consistent contri-
bution of series resistance to the overall fill factor loss. This can be understood 
by a better BSF formation with increasing peak firing temperature, as also 
observed by Cui et alia [17].  
The series resistance of the Al-LBSF solar cells was calculated by comparing the 
one-Sun I-V curve to the dark I-V curve [20]. The results are shown in Fig. 5.13. 
Overall, the series resistance decreases with increasing peak firing temperature. 
The variation in series resistance from cell to cell at the same peak firing 
temperature also decreases with increasing peak firing temperature, indicating a 
more consistent contact formation process. The trend shown in the series 
resistance plot is in good agreement with that in the fill factor plot. The inconsis-
tency in contact formation is also evidently demonstrated in the Al-LBSF solar 
cells with the highest and lowest series resistances, which were both fired at a 
peak temperature of 750 °C. 




Fig. 5.13 Boxplot of calculated series resistance of the Al-LBSF solar cells at the 
peak firing temperatures of 750 °C, 810 °C and 850 °C. The box plot represents 
the standard deviation of 3-5 cells. 
 
A comparison of the plot of local ideality factor versus the voltage extracted from 
the dark I-V measurement, or the m-V curve, between the two solar cells is 
shown in Fig. 5.14. The m-V curves of the two solar cells are generally identical 
in the dark voltage range of < 500 mV, showing a slight hump at ~100 mV. 
Typically the humps in the m-V curves are caused by a change in recombination 
due to the activation of a certain type of defects, or a change in the dominating 
recombination mechanism [21, 22]. This suggests a consistent passivation of the 
recombination processes in both solar cells fired at the peak temperature of 
750 °C. However a significant difference in the m-V curves that results in the 
observed disparity in the fill factors of the two solar cells occurs at voltages 
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above 500 mV. This portion of the m-V curve is typically affected by the series 
resistance of the solar cell. 
 
Fig. 5.14 Local ideality factor as a function of the voltage for two Al-LBSF solar 
cells, as extracted from their dark I-V measurements. Sample A (black filled 
squares) and sample B (red open circles) are the Al-LBSF solar cells with the 
lowest and highest measured FF, respectively, among all the samples fired at 
750 °C. 
 
As shown in Fig. 5.14, the m-V curve for the Al-LBSF solar cell with the lowest 
FF shows a much earlier and steeper increase in the local ideality factor for 
voltages > 500 mV as compared to the solar cell with the highest FF. This 
indicates a significant difference in the series resistance of the two solar cells, 
resulting from the inconsistency in contact formation when fired at a peak 
temperature of 750 °C.  




Fig. 5.15 Local ideality factor as a function of the voltage for two Al-LBSF solar 
cells, as extracted from their dark I-V measurements. Sample A (red open circles) 
and sample B (blue filled triangles) are the Al-LBSF solar cells with the highest 
measured FF among all the samples fired at 750 °C and 850 °C, respectively. 
 
The comparison of the m-V curve of the Al-LBSF solar cell with the highest FF 
fired at 750 °C with that fired at 850 °C is shown in Fig. 5.15. The hump in the 
m-V curve of the two solar cells at low voltages of < 500 mV occurs at different 
dark voltages. One reason could be that different defects are activated at differ-
ent firing temperatures, and a difference of 100 °C in the peak firing temperature 
might be able to activate different defects that influence recombination processes 
at different injection levels or voltages. For voltages above 500 mV, the local 
ideality factor of the solar cell fired at 850 °C demonstrates a more gentle 
increase as compared to the solar cell fired at 750 °C. Thus a higher peak firing 
temperature should be employed for better contact and BSF formation in order to 
reduce the series resistance and improve the fill factor. However a high peak 
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firing temperature typically has an adverse effect on the passivating dielectric 
stack underneath the Al. Aluminium oxide (AlOx) used for the passivation of 
p-type c-Si typically requires a thick SiNx layer for firing protection. The problem 
with SiNx is that it is porous in nature, and thus Al can easily spike through the 
rear passivation layer if the peak firing temperature is set too high. This can 
cause severe degradation to the overall passivation and the performance of the 
solar cells. For instance, the Al-LBSF solar cell produced in this batch with the 
lowest Voc of 604 mV was also fired at the peak firing temperature of 850 °C. A 
scanning electron microscope (SEM) image of a non-contact region that suffers 
from the spiking of Al at the rear side of the solar cell and its corresponding 
energy-dispersive X-ray spectroscopy (EDS) image are shown in Fig. 5.16.  
 
Fig. 5.16 SEM (left) and EDS (right) micrograph of Al spiking into c-Si at a non-
contact area. The orange, green, pink and purple regions in the EDS micrograph 
correspond to c-Si, Al, N and O, respectively. 
  
Normally, if there is no Al spiking during firing, three discrete stacked layers of 
c-Si, N and Al should be observed in the EDS micrograph. The N component is a 
representation of the SiNx capping layer. However it can be observed from the 
centre portion of Fig. 5.16 that a significant amount of Al is detected in the Si 
region and traces of N can still be observed in the Al layer. This indicates that the 
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aluminium has spiked through the SiNx capping layer into the c-Si. The EDS 
image shows that the nitrogen (N) component, which probably originates from 
the SiNx layer, was severely disrupted by the spiking of Al. The rear passivation 
layer will be significantly compromised when the occurrence of Al spiking 
increases with increasing peak firing temperature. Therefore a trade-off is 
required when choosing the peak firing temperature to obtain a good contact and 
BSF formation, while minimizing damages to the passivation layer and prevent-
ing shunting of the solar cells. The champion cell produced in this batch with an 
efficiency of 18.5% was fired at a peak temperature of 810 °C. The one-Sun I-V 
cell parameters are shown in Table 5.3. 
Table 5.3 One-Sun solar cell parameters of the champion solar cell. 
Voc (mV) Jsc (mA/cm
2) FF (%) Rs (Ωcm
2) η (%) 
643.7 39.2 73.4 1.42 18.5 
 
Although the starting material for the fabrication of Al-LBSF solar cells with inkjet 
and aerosol jet opened dielectric layers were different, the increment in PV 
efficiency was expected be higher than the current 0.5%, especially with a 
selective-emitter structure implemented at the front of the solar cells for those 
with aerosol jet opened dielectric layers. The fill factor was relatively low (< 75%) 
for the entire batch of solar cells. The series resistance of the champion cell was 
found to be ~1.42 Ωcm2, which considerably lowers the FF and thus the 
efficiency of the solar cell. In order to visualise the BSF thickness, selective 
etching of the rear contacts was performed, whereby the etching rate of highly 
doped c-Si is faster. By taking the SEM images of the rear contacts thereafter, 
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the BSF thickness can be represented by the out-of-focus regions underneath 
the contact areas, as shown in Fig. 5.17. An observable phenomenon is that the 
thickness of the evaporated Al above the dielectric openings varies from contact 
to contact. Although the immediate thickness of Al after evaporation was ~2 µm, 
the thin layer of Al might have redistributed during the firing process as the 
temperature exceeded the Al melting temperature. As a consequence, some 
opening areas were covered with a thicker Al film, some with a thinner Al film, 
and others with an accumulation of Al on one side and a depletion on the other, 
as shown in Fig. 5.17 (a), (b) and (c), respectively. 
 
Fig. 5.17 SEM micrographs of rear contact areas having a) a thick BSF due to a 
thick layer of Al, b) a thin BSF due to a thin layer of Al, c) an accumulation of Al 
to one side and a depletion to the other and d) a thicker BSF on the side of Al 
accumulation and a thinner BSF on the side of Al depletion. 
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The BSF thickness also changes correspondingly, as it is greatly affected by the 
amount of Al available for contact and BSF formation. A relatively thick and 
uniform BSF is shown in Fig. 5.17(a) as it is covered under a thick layer of Al. On 
the contrary, a much thinner BSF can be seen in Fig. 5.17(b). In the case of Al 
accumulation on one side of the contact and depletion on the other, it is also 
demonstrated in Fig. 5.17(d) that a thicker BSF is formed on the side of Al 
accumulation and a thinner BSF on that of Al depletion. Furthermore, evaporated 
aluminium - in comparison to screen printed Al - also has a higher tendency to 
spike through the dielectric layer and shunt the solar cell as its Al purity is much 
higher than its screen printed counterpart. As a result, the spiking of Al similar to 
that shown in Fig. 5.16 has also been observed in a few places on the rear of the 
champion solar cell. Such non-uniformity in the formation of BSF might have had 
a significant impact on the fill factor losses. Theoretically, the solar cell 
performance can be further enhanced by improving both the bulk and surface 
passivation, reducing the feature size of the opened dielectric layer, and 
increasing the fill factor. The most apparent approach at hand is to mitigate the 
uniformity in the BSF thickness by having a thicker Al layer at the rear, and 
improve the fill factor by fine-tuning both the laser doping and plating processes. 
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§5.4  Conclusion 
This Chapter looked into an application of direct printing for the opening of 
dielectric films. Inkjet printing and aerosol jet printing were employed to selec-
tively open the rear dielectric film by applying a direct etching method in the 
fabrication of Al-LBSF solar cells. As the physiochemical properties of the 
fluoride containing solution lay outside of the optimal jetting range, the pre-
paration and jetting condition of the inkjet solution was optimized. Modifications 
were also performed in detail to the jetting waveform. It was found that by using a 
two-peak waveform, stable jetting can be achieved that lasts for hours. A 
dwelling section was introduced in the positive driving waveform to facilitate the 
formation of well-defined droplets. 
The stable jetting condition was applied to the fabrication of solar cells. A batch 
of Al-LBSF solar cells with rear dielectric layer locally opened with either an inkjet 
printer or a ps laser was produced. Three printing conditions were used to 
investigate their effects on the solar cell efficiency, and a preliminary comparison 
between inkjet printed and laser ablated dielectric openings was done. The first 
result showed champion solar cell efficiencies of 18.0% and 17.6% that were 
obtained in this work for Al-LBSF solar cells with inkjet and laser opened contacts, 
respectively.  
In order to increase the dielectric coverage to > 90%, aerosol jet printing was 
employed to reduce the line width of the opened dielectric layer. Evaporation of 
Al was used for the formation of a thicker BSF. The effects of the peak firing 
temperature on the formation of rear contacts and the BSF were also investi-
gated. It was observed that a higher peak firing temperature typically results in a 
thicker BSF layer. However, the downside of using a higher temperature was that 
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the passivation layer is more likely to be damaged due to the tendency of Al 
spiking. Therefore the champion cell with a conversion efficiency of 18.5% was 
fired at a trade-off peak temperature of 810 °C. The issue of low fill factor for the 
entire batch of solar cells produced was also investigated. The fill factor losses 
were found to be significantly influenced by the non-uniformity in the BSF thick-
ness, which could be a result of a possible redistribution of the thin evaporated Al 
during the high-temperature firing process.  
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Chapter 6. Summary and outlook 
 
§6.1  Summary  
The work presented in this thesis can be divided into three aspects and, collec-
tively, they describe the problems investigated and resolved during the 
application of drop-based direct writing technologies in the fabrication of 
aluminium local back surface field (Al-LBSF) silicon wafer solar cells.  
The first aspect investigated was the unexpectedly fast etching of highly doped 
n-type silicon in hydrofluoric acid (HF), which was observed during a critical 
mask-removal process prior to the direct writing application. As HF is known in 
the silicon community for its excellent selectivity in etching dielectric films over 
silicon, it is commonly used to remove masking layers in the fabrication process 
of advanced silicon wafer solar cells. However, it was found experimentally in this 
thesis that this selectivity does not necessarily exist in the case of highly doped 
n-type silicon. Consequently the etching of highly doped n-type silicon signifi-
cantly affected the efficiency of the fabricated solar cells. A detailed investigation 
of the etching of phosphorus-doped silicon in HF was carried out, and showed an 
unexpectedly high etch rate of ~0.8 nm/min for Si with a surface [P] of > 1.31020 
cm-3. The etch rate rapidly decreased to ~ 0.02 nm/min as the surface [P] 
reduced to < 1.31020 cm-3. Hydroxide-mediated hydrolysis of silicon and the 
carrier concentration dependent effects of heavily doped layers were identified as 
the most likely underlying mechanisms causing this fast etching behaviour. The 
proper understanding of the etching behaviour facilitated better control over the 
steps prior to the direct writing applications in the fabrication of Al-LBSF solar 
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cells. In addition, the unique etching behaviour can also potentially be used for 
other industrial applications. 
The second aspect of this thesis proposed a solution to a common challenge 
encountered in the drop-based direct writing technologies, which is to achieve 
high definitions for directly deposited features on rough hydrophilic surfaces. This 
challenge is particularly evident for inkjet printing. In this PhD thesis, inkjet and 
aerosol jet printing technologies were used to pattern the rear dielectric of 
Al-LBSF solar cells. Typically a silicon surface coated with a dielectric film is very 
hydrophilic. A spreading diameter of about 5 mm was observed for a 10 pL inkjet 
droplet when it impacted onto a textured silicon surface coated with a 200 nm 
thick SiNx film. A new method was developed to geometrically confine the inkjet 
printed features on rough hydrophilic surfaces. This method involved spin coating 
of a sacrificial layer of polyacrylic acid (PAA), followed by patterning of the 
dielectric layer through the PAA at temperatures above 180 °C. To facilitate 
physical confinement, it was found that the spin-on sacrificial layer must have a 
thickness greater than the height of the deposited droplet. Not only does a thick 
spin-on sacrificial layer enhance wetting, it also modifies the topography of the 
surface. Using a 4 µm thick spin-on PAA, 200 nm of SiNx was successfully 
selectively etched at ~200 °C by inkjet printing of phosphoric acid (H3PO4). The 
resulting line width after repeated printing was measured to be ~75 µm and ~30 
µm, respectively, with a 10 pL and 1 pL printhead. An in-situ heating device was 
fabricated that further improved the line definition to ~15 µm.  
Finally, after having tackled the fundamental issues mentioned above, the 
problems faced with the actual application of inkjet and aerosol jet printing to 
selectively open the rear dielectric films of Al-LBSF silicon wafer solar cells were 
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discussed. Firstly the problem of incompatible physiochemical properties of the 
fluoride containing inkjet solution with the optimal jetting requirement was 
addressed. Stable jetting was achieved by implementing a two-peak waveform, 
with which a batch of Al-LBSF solar cells with inkjet opened dielectric films was 
produced. A preliminary comparison between inkjet printed and laser ablated 
dielectric openings was performed, giving champion solar cell efficiencies of 
18.0% and 17.6%, respectively, for Al-LBSF solar cells with inkjet and laser 
opened contacts. In order to increase the dielectric coverage to > 90%, aerosol 
jet printing was employed to reduce the line width of the opened dielectric layer. 
The peak firing temperature was also varied to achieve a good compromise 
between contact formation and rear surface passivation, giving a champion solar 
cell efficiency of 18.5% for a peak firing temperature of 810 °C. 
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§6.2  Outlook  
As the work described in this thesis is new, there are ample opportunities for 
further development. The remainder of this Chapter will provide a brief outlook of 
the work performed in this thesis. 
For a start, since the significant etching of highly doped n-type silicon was 
observed in Chapter 3, more work can be done to find out if the etching 
behaviour also applies to heavily doped p-type silicon. However, as the diffusion 
mechanism of boron in silicon is very different from that of phosphorus in silicon, 
the resulting doping profile corresponding to a similar sheet resistance value is 
very different. Therefore the identical analysis method for phosphorus-doped 
silicon cannot directly be applied to boron-doped silicon. Although the vacancy 
induced hole creation is absent in boron-doped silicon, a preliminary study 
showed that an estimate of 28 nm of boron-doped silicon was removed after 
immersion in 40 °C HF for 50 minutes. The difference in size between boron and 
silicon atoms is greater than that between phosphorus and silicon atoms. As a 
consequence, the stress induced in the boron-doped silicon lattice is higher than 
that in the phosphorus-doped silicon lattice. This might have resulted in the 
etching of heavily doped p-type silicon in HF. Further work is required to investi-
gate this phenomenon in detail.  
In addition, the etching behaviour of the heavily doped silicon in HF can be 
exploited for device fabrication, as mentioned in Chapter 3. An invention 
disclosure has been submitted to NUS that aims to achieve, in a single step, the 
simultaneous formation of lightly doped emitter at one side of the double-side 
diffused wafer and total p-n junction removal at the other. This can be done by 
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immersing the double-side diffused silicon wafers into HF and illuminating one 
side with UV light. Further experiments are required to realise the idea. 
In Chapter 4, the geometric confinement of directly deposited features was 
experimentally demonstrated by selectively etching through 200 nm of SiNx while 
maintaining high line definition. However, the method is not limited to subtractive 
inkjet printing applications. It can also be coupled with additive inkjet printing or 
aerosol jet printing for other applications. In addition, the chemistry of the sacri-
ficial layer can also be modified to achieve the desired wetting condition and 
topography. This method of physical confinement can also be used in the 
fabrication sequence for other advanced solar cells.  
The main application of direct writing explored in Chapter 5 is the selective 
opening of dielectric films. There are also other potential applications, such as 
the directing printing of resists and masks, seed layer metallization, and full-
height metallization. A unique feature of direct writing is its digital prototyping 
capability, which enables the immediate physical realization of any digitally 
designed pattern. This makes direct writing a cheaper, more flexible and less 
time consuming alternative to photolithography in the formation of resists and 
masks. The development in achieving nano-sized metal particles also facilitates 
the production of several metal inks, which are compatible with both the inkjet 
and the aerosol jet printing technologies. The direct printing of seed layers with 
such metal inks can be employed prior to the metal plating process to form metal 
contacts with high aspect ratios. It is also possible to produce full-height 
metallization with direct printing. However, many technical and fundamental 
issues have to be tackled before achieving directly printed full-height 
metallization. One such technical barrier when directly depositing metal inks is 
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the spreading effect of the ink droplets upon impact on the substrate surface. 
Using a pneumatic atomizer of an aerosol jet printer, a metal ink with a higher 
viscosity and concentration of metal nano-particles can be printed in conjunction 
with a heated substrate holder, to minimise the spreading effect and increase the 
aspect ratio. However, for inkjet printing the printable metal inks normally have 
much lower viscosities and concentrations of metal nano-particles. Hence, the 
spreading effect is more evident and problematic. This can potentially be solved 
by adding phase changing properties to the metal inks and integrating the 
corresponding features such as UV illumination and hot-melt compatible print 
heads to the inkjet printer. Although the addition of such features enables near-
instant solidification of the printed droplets, it also brings up a more fundamental 
limitation of the technology: ink formulation. To achieve full-height metallization, 
besides satisfying the basic physiochemical properties as mentioned in 
Chapter 2, it is preferable for the metal inks to have high conductivity (i.e., a high 
concentration of metal nano-particles) and good adhesion (i.e., the presence of 
bonding agents such as glass frits). If phase changing properties were to be 
added to the metal inks, it would definitely pose a great challenge for the ink 
formulation. A considerable amount of research and development is certainly 
required to tackle this fundamental limitation. 
Hence, there is still a lot of room for further research and improvement for direct 
writing technology and its applications in solar cell fabrication.  
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